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Expansion of a Mathematical Model of Thermoregulation
to Include High Metabolic Rates
Introduction
In his normal environment, thermoregulation in man is so efficient
that life and function is rarely Threatened or compromised by the thermal
environment. There are basically two avenues of defense which man uses
when confronted with a thermal stress: a behavioral response through
which he either modifies his immediate environment or evades the stressful
environment by removing himself from it, and the second defense which
consists of autonomic responses. These autonomic responses modify
his internal heat production or transfer, or change the pattern'of his heat
exchange with the environment. In addition, man can accept inclement
environments for short periods by relying on his thermal heat capacitance
which delays any changes . in body temperature.
Autonomic responses have two important functions: they provide a
continuous and unconscious fine control of body temperature resulting in
very steady internal temperatures, and they provide sensing and motivation
for the behavioral regulation. In our society, and to a smaller extent in
more primitive societies, the behavioral regulation is the more powerful
and effective part of the total thermoregulatory pattern.
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Both the behavioral and the autonomic responses have evolved -in
such a way as to be specifically directed at and function optimally in
the normal terrestrial environment. Moving air in contact with the total
skin surface and exchanging heat with it via conduction, convection and
evaporation is one of the cornerstones in the evolution of the human
thermoregulatory system.
If we are to subject man to conditions which deviate from this type
of thermal interaction with the environment in a substantial way, we must
anticipate difficulties. In order to optimally design the new forms of
thermal interchange, it becomes much more necessary than before to have
a minute and accurate description of the processes of heat production and
elimination in the body than was required for a man in substantially the
same type of environment in which he evolved.
An initial description of this type was developed for a man in resting
state (Stolwijk and Hardy, (1966) ). This mathematical model was still
highly lumped, and satisfied only the resting state within a relatively
narrow range of environmental conditions. It soon became clear that
especially in the exercising condition where heat flux rates are much
higher than in the resting state, the model lacked adequate definition.
Such inadequate definition becomes especially evident during severe
transients: steady states are much easier to satisfy.
In order to improve on the definition and applicability of the initial
mathematical model, a program combining experiment and mathematical
modelling was undertaken. The mathematical model was elaborated in a
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number of steps until the definition was such that a further increase
would only be warranted by a very specialized interest.
A large number of experiments were carried out, in part to provide
data for the elaboration of the various stages of the mathematical model,
in part to provide experimental challenges to it.
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	 During the report period, a series of 72 exercise experiments at
different levels of exercise, and at different ambient temperatures were
carried out in order to establish steady state responses for these
conditions.
In addition, during the first quarter of the extension period, a
large number of similar experiments were carried out with improved
experimental techniques which allowed acquisition of all relevant
physiological data once every minute. These experiments were designed
to provide a description of "on" and "off" transients for exercise at 25,
50 and 75% of aerobic capacity, and in environments of 10, 20 and 30°C.
The data acquired in these experiments are still in the process of being
reduced and evaluated.
It is anticipated that in the final report a completely integrated
description of the results of the complete program will be submitted in
a form suitable for publication as a NASA technical document.
For the purposes of this report, we are submitting, as the sub-
stantial body of the report, reprints or manuscripts submitted or to be
submitted in several journals.
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The first of these is entitled:
4	 Physiological factors associated with sweating
during exercise. J. A. J. Stolwijk, B. Salon
and A. P. Gagge. J. Aerospace Med. 39,
1101-1105, 1988.
It describes the overall results of steady state exercise ex-
pertments carried out in the summer of 1967. The methods are de-
scribed in some detail. Table 1 contains a complete listing for each
of the 72 experiments of all the steady state values.
A second paper is presented in manuscript form:
Muscle temperature during submaximal exercise ir.
man. B. Saltin, A. P. Gagge and J. A. J. Stolwijk.
Accepted by: Journal of Applied Physiology.
This paper describes in detail the techniques used for recording
temperatures in the working muscles and the results obtained.. In
general, it was found that the working muscle reached a temperature
about 0.8°C higher than the prevailing rectal temperature, regardless
of the work level or the environmental temperature.
There is very little information on the possible modifying effect
of different levels of activity on thermal sensation and thermal comfort.
During the experiments described above, we took complete verbal category
reports on temperature sensation and thermal comfort.
The results obtained are presented in the accompanying manuscript
which has been submitted for publication:
Comfort and thermal sensations and associated
physiological responses during exercise at
various ambient temperatures. A. P. Gagge,
J. A. J. Stolwijk and B. Saltin.
Submitted to: Environmental Research.
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The results cf each individual experiment are given here in Table 1.
They are steady state, or quasi st( ady state results. The column headings
are:
Experiment number
Date	 e.g. 811 is 8/11/67
Subject 1 is R.D. , 2 =P.M.,  3 = H. O. , 4 = B.S.
.
% V0 2 max	 percentage of subject's maximum aerobic capacity
Tambient	 ambient temperature, radiant and air temperature equal
T recto l
Tmuscle	 highest temperature recorded in quadriceps muscle
T
skin	 average skin temperature from 10 radiometric measurements
Thermal sensation	 scale of 1 7 cold - hot
	
4 is neutral
Discomfort estimate
	 1 is comfortable; 4 very uncomfortable
Heart rate	 beats per minute
Sweat	 sweat secreted and evaporated
Metabolic rate	 total rate based on 0 2 consumption
Total evaporation	 based 'on weight loss
External heat production Heat equivalent of work done externally
Internal heat production Total minus external work
Conductive, convective heat loss - "Dry" heat exchange with environment
Body heat storage	 Rate of heat storage
Conductance	 Equivalent conductance between interior
and skin, index of skin blood flow.
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Physiological Factors Associated With
Sweating During Exercise
J. A. J, STOLWIJK, Ph.D., B. SALTIN, M.D., and A. P. GAGGE, Ph.D.
The present observations were made on !our healthy male sub-
jects clothed in shorts, while exercising at 50 rpn► on a bicycle
ergometer at 4, 7 and 10 times the sitting metabolic rate and
at three temperature levels, 10°, 20° and 30°C ambient. The
reported data for 72 experiments represent conaitions at about
45 minutes after the start of exercise. Results: (1) Skin sweat-
ing during steady state exercise may be described by a linear
function of a metabolic rate and ambient air temperature or b
rectal and skin temperature; (2) Rectal temperature is essential-
ly a linear function of metabolism and independent of ambient
air temperature; (3) Average skin temperature is essentially
a linear function of the ambient air and is not significantly
dependent on metabolic rate; (4) Above a threshold skin con-
ductance of 15 kcal/m'-hr-°C as much as 1.5 per cent of the
volume of the extra skin blood flow caused by exercise is lost
in skin sweating; (5) Since exercise principally affects rectal or
internal body temperature rather than skin temperature, moder-
ate exercise at even cool temperatures causes sweating; (6) The
suppression of skin sweating during light to moderate exercise
by lowering skin temperature is difficult and perhaps impossible
without causing unacceptable discomfort.
m0 THE ASTRONAUT skin sweating Is both a
protection and a stress. On one hand it is his best
protection against sudden body heating; on the other
it causes discomfort and dehydration in a scaled suit
or cabin and constitutes an undesirable type of heat
load on any accompanying airconditioning equipment.
The cooling effectiveness of skin sweating, i.e. the
ability to evaporate sweat at the skin surface, depends
wholly on environmental factors (e.g. the use of ven-
tilated clothing, the presence of low ambient humidity
and air movement.)
The purpose of the present paper is to report some
recent observations of skin sweating at parametrically
chosen levels of exercise and ambient air temperature.
Of particular interest are the physiological factors--
skin temperature, rectal and muscle temperature, metab-
olism, skin conductance and their observed relation
to sweating.
MATERIALS AND METHODS
The prese,.t observations were made in the summer
of 1967 on four healthy young male subjects. Their
average height and weight was 6 ft. (184 cm) and
From the John B. Pierce Foundation Laboratory, New Haven,
Connecticut,
Dr. Stolwijk ind Dr. Cagge are both Fellows of the John B.
Pierce Foundation Laboratory, Now Haven, Connecticut, and
heads of the F'lophysies and Bioengineering Working Groups
respectively. During Summer, 1967, Dr. B. Saltin was a Visiting
Research Fellow from the Gymnastik och Idrottsh8gskolan, Stock-
holm, Sweden. This research was supported in part by NASA
Contract No. 9-7140 and NIH grant No. UI-00426,
193 lbs (88 kg), and their Dubois surface areas ranged
from 2.00-2.18 sq. meters. Their maximal oxygen up-
take, determined according to the procedures described
by Astrand and Saltin,' ranged from 3.8 to 5.2
liters/min with a mean of 4.4. Exercise was performed
on a Monark bicycle ergometer at a constant pedalling
rate of 50 rpm. Work loads were so chosen that the
subjects were working at approximately 25, 50 and 75
percent of their maximum oxygen uptake. The re-
sulting total metabolic rates were approximately four,
seven and ten times the average sitting-resting rate.
The experiments were carried out in an air-conditioned
chamber controlled at ambient temperatures of 10°,
20° and 30°C. Relative humidity was maintained
below 40 percent and the room air movement was
about 20 em/sec. A total of 72 experiments was car-
ried out at nine different test conditions.
Metabolic rate was measured at 20 minute intervals
by continuously analyzing a metered flow ( 200-400
liters/min.) of air containing all exhaled gases. Gas
concentrations were determined with a Pauling O 2 -
analyzer and a Liston-Becker CO2-analyzer.
Skin temperatures were measured at regular intervals
at 10 representative locations over the body surfaces
by means of a chopped-beam infrared radiometer con-
taining a constant temperature internal reference cavi-
ty." Rectal temperature at a depth of 12 cm from
the anal sphincter and ambient air temperature were
recorded continuously.
Average evaporative heat loss over 20-minute periods
was determined by weighing the subject during a two-
minute rest period on a precision double beam bal-
ance, which was equipped with a strain gauge and
strip chart recorder. The evaporative loss from the
skin surface itself was found by subtracting the water
lost from the lungs by respiration from the total evapo-
rative loss (10) .
RESULTS
The averaged data reported here for the nine dif-
terent experimental conditions represent the relative
thermal equilibrium that occurred 30-45 minutes after
the start of exercise. The three average metabolic
levels in these experiments were 436, 286, and 163 kcal/
hr per sq. meter of body surface. The ambient tempera-
tures averaged 10.5°C, 20.1°C and 30.5°C.
Sweat heat losses from the skin as a function of
metabolic level and ambient temperature are plotted
in Figure 1. The same values are plotted as a function
of rectal temperature and average skin temperature in
Figure 2. Resting values from previously published
experiments"m are added for comparison.
The striking similarity between Figures 1 and 2
may be explained by Figure 3, which shows the unique
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relationship between rectal temperature and metabo-
lism; and 1^etween skin temperature and the ambient
air temperature. The first relationship confirms the
earlier observation of M. Nielsen '12 who showed that
internal body temperature was linearly proportional
to metabolism and essentially independent of the am-
bient temperature over a wide range of exercise levels.
The second shows further that skin temperature is pri-
marily dependent on the ambient air temperature and
is rela^ iv,4y independent of the metabolic level except
to a small extent at the 300C level.
A statistical analysis of the complete data, on which
the averaged data in Figure 1 find Figure 2 are based,
showed that the `_ ,ultiple correlation coefficient for
sweat versus ambient air temperature and metabolic
rate is 0.96; the multiple correlation coefficient of sweat
versus rectal and skin temperature is 0.92. For Figure
3a the correlation coefficient - for the relationship be-
tween rectal temperature and metabolic rate is 0.91.
For Figure 3b the correlation coefficient between aver-
age skin temperature and air temperature was also
SWEAT	 T_30 SW	 M=436
heat loss
200	 2a	 286
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100
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H	 ^
W ^
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Fig. 1. Variation of sweat heat loss with metabolic rate and
with ambient temperature. The observations are coded for the
three work and three temperature levels used in the st(] ,, . Rest-
ing curves are indicated for comparison.
0.91. All T-values in the above correlations were above
10 and indicate that both skin temperature (Ts) and
rectal temperature (Tr ) play significant roles in de-
terminin,g the level of skin sweating (SW) . The re-
gression equation relating these variables is
SW = 114 Tr + 17 L — 4735 (1)
where SW is expressed in kcal/hr per sq. meter of
body surface a: -3 Tr and TS
 in °C. The standard error
of estimate of skin sweating by eq. 1 over the ranges
indicated in Figure 1 and Figure 2 is ± 30 kcal/hr-m2.
Distribution of sweating over the skin surface during
exercise may be followed qualitatively by observing
regional changes in skin temperatures with a Barnes
thermograph .2 The two thermographs in Figure 4
show the distribution of skin temperatures over the
anterior and dorsal surface of a subject in a 25 0 en-
vironment immediately after exercising (a) at 25
percent and (b) at 75 percent of his aerobic capacity.
Black areas represent temperatures below 290 C, and
temperatures above 36°C are white. Note the warm
skin overlying working muscles of the calf and thigh.
The palmar surface of the hand does not sweat and
is very warm; the skin of the trunk sweats abundantly
and can be seen to be cool, especially over fatty de-
posits, which are poor thermal conductors. Local skin
temperature thus depends on three factors: local level
of sweating, local skin blood flow, and the temperature
and thermal conductance of underlying tissues.
The combined heat transfer coefficient, h, sometimes
called the Newton cooling constant, describes how
heat is lost from the body surface at average skin
temperature, Ts, by radiation and convection to the
ambient air temperature, Ta, and was determined for
the conditions of our experiments to be 9.5 kcal/m2-
br-°C. This value was found by a regression of metab-
olism-Iess work-less evaporative heat loss against the
difference between skin and air temperature. Ob-
servations at the extreme conditions (75 percent
max 02, 300C and 25 percent 02 10 percent)
were omitted since body heating and cooling respec-
tively was significant at the time of observation. The
combined coefficient h is the sum of the linear radia-
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Fig. 2. Variation of sweat heat loss with rectal and with aver-
age skin temperature, In both charts the observations are coded
for ambier>t air temperature: f –30°, 0 -20°,  and A –10 The
average skin and rectal temperature for the lines drawn are
indicated.
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Fig. 3. Variation (a) of rectal temperature- with -metabolic
rate and (b) of average skin with ambient air, resting values at
45 min. exposure are 'indicated. .Chart (a •) confirms the .earlier
work of Nielsen"
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tion exchange coefficient h, and the convection co-
efficient h,. We may evaluate h, as 4.5" thus
the probable convective transfer coefficient h. is 5.0
kcal/m'-hr- C, while petlalling at 50 rpm. Kerslake"
has shown that the ratio of h.,/h,. is ? whery h., is the
coefficient of diffusion of water vapor resulting from
the evaporation of sweat on the skill ill kcal/m"-
hr per mm.Hg vapor pressure gradient front the skin
surface to the ambient air. and thus equals 10. In
Fignrc 4, the average skill obscrscd at
ambient xir for the particular subject p ,otographed
were :3:3.7 for 25 percent work load and :30.8 for
the 75 percent level and the r:lative hinuiclity at both
levels was 35 percent: the corresponding water vapor
pressore gradients fr au the skin surli e r to ane])icut
air were :30.4 and ,7 nun of IIg respectively. Front
Figure I the probable skin sweating for each condition
was 67 ( for 25 percent Max Vo.) and 224 kcal/m=-hr
( for 75 percent Max \'o.. ) respectivel y . The percent
of wettedness of the skin surfaces, -  shown in Figure
4. \\-its ( 67/3.04) 24 percent and (224/2.97) 75 percent
respectively . The same method of calculation applied
to Figure 1 shows for the condition "ith greatest stress
ill 1. that the x\ ettedness \s as slightl y over
IM percent and onh • 6 percent f.)r the condition X\ ith
lowest stress. The percent \e ettedness for the present
data was linearh proportional to skin sweating over
the entire range observed as the lnnuidity was Ions ill
all experiments.
The change in the thernial conductance (K) of the
skin is a measure of the ])food fhm front the interior
of the NAN, at a constant temperutete. K is defined
as the ratio of the total heat lost front 	 skill
to the temperature gradient from the body interior to
the skin surface itself. The total heat loss front
skill
	 is:
Skin Sweat + h (T, — T,) in kcal/m"-hr.
The K-values, shown in Figure 5, were calculated from
the ratio [SNV + 9.5 J, — T:,)] / (T, — T.), in
which the rectal temperature is considered as repre-
sentative of the interior tcunperature.
Each unit change of skin conductance (K) ill
 C represents by definition it change of at least 1
liter/hour of skin blood flow per sq. meter of body
surface. Figure 5 Oiows the relationship behveen skin
sweating and K. It will he seen that each unit change
in K above a threshold of 15 is associated with an
increased sweat heat loss of approximatel y
 8.5 kcal/hr
(or 15 gram/hr) per sq. meter of skin surface. Thus,
above this threshold, as nnuch as 1.5 percent of the
v ohnme the extra skin blood flo-ow caused b y
 exercise
is used for skin swcatin;ti. It -Mll be noted that the
niininttim value for K with exercise is about 15 kcal/m'-
hr- C for resting. The reason for this is the mandator\
increase in peripheral Mood flow reydred by the
working muscles.
Figure 4 may
 give the impression that regional values
of skirt K ma y vary considerably . If we assinmc steady
state conditions and a uniform distribution of evapo-
rative heat loss over the skill. local K vahu •s can be
estimated wait the expression given above by sub-
stituting local skin temperature and l ocal deep tem-
perature if kno\s n. For the experimcntul condition (50
percent, 20 C ) sample nicasurenrcnts of the quadriceps
muscle \\ ith it thermocouple needle at :3 can depth
averaged 0.75 C above rectal teniperature, skill
4b
Fig. 4. Thermograms of a subject immediately after exercise
at (a) 25 percent and (h) 75 percent of maximum oxygen up-
take. The amhient air was 25 C and relative 1 nidity 35 per-
cent_ The percent %vetted area for (a) was 24 percent and for
(1)), 75 percent.
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PHYSIOLOGICAL FAC'T'ORS ASSOCIATED WITH SWEATING DURING EXERCISE—•STOLWIJK, ET AL.
Min. SKIN . BLOOD FLOW, L-h-1 -m =
20	 40
10	 20	 30	 40	 50
SKIN CONDUCTANCE, Kcal-roe-h-I-c-1
Fig. 5. Variation of skin sweat heat loss with skin conduct-
ance or of sweat loss ip grams/hr. with minimum skin blood
flow in liter/hr. The data are coded for ambient air temperature.
perature over the quadriceps muscle was usually PC
above the average T5 . Sipce the gradient over the
working muscle is thus not significantly different from
the overall average gradient, The K over the working
muscle may not be substantially different from the
average K.
DISCUSSION
Sw, T,. and T. with setpoints at 36.6 and 33.3 for T,
and T, respectively.
Evaluation of the general usefulness of eq. 2 as a
model to predict sweating from a peripheral and a
deep body or hypothalamical control must await the
study of transient data from the resting to the exercise
state over the wide range of environmental conditions
such as used here.
In the above analysis very little has been said about
muscle temperatures during exercise. This subject is
being treated comprehensively elsewhere. 13 In general,
under conditions of thermal equilibrium muscle tem-
perature has a high correlation ( 0.85) with rectal
temperature for all levels of exercise; its multiple
correlation with both rectal and ambient air tempera-
ture is even higher (0.92).  A multiple correlation of
skin sweating with muscle and skin temperature was
0.88 compared to a value of 0.92 for equation (1)
above. A multiple correlation that includes both Tr
and Tm as well as Ts showed a value of 0.93 with
an insignificant T-factor for Tm. For steady state data
it is impossible to assign any unique role to muscle
temperature in the regulation of skin sweating that
cannot be explained equally significantly by rectal
temperature or metabolic rate.
In Figure 3a, it can be seen that rectal tempera-
ture rises d.1 oC for every 24 kcal/m 2-hr rise in total
metabolic rate. If the work efficiency is 20 percent,
net metabolic heat per 0.1 0 rise in T, is about 20
kcal/m2-hr. If the level of skin sweating is to be held
constant, a drop of 0.7 oC in average TS is necessary to
compensate for a rise of 0.1 0C in Tr according to
equation (1) . From Figure 5 it can be seen that even
for light activity at the lowest ambient temperature
skin conductance is above the threshold of 15 and skin
sweating has occurred. From all this evidence, it may
be extremely difficult to suppress skin sweating com-
pletely during light exercise ( above 100-120 kcal/ m2-
h- 'C metabolic rate or above 25 percent Max. Oxygen
uptake) by any manipulation of the ambient air or
skin temperature and still keep the subject acceptably
comfortable.
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A review of recent literature on the physiology of
sweating during exercise will show there is a disagree-
ment between Belding and Hertig" and van Beaumont
and Bullard, 30, who all show evidence that regulatory
I	 sweating is quite responsive to skin temperature, and
Benzinger, et al. s
 who conclude that hypothalamic
i temperature plays the dominant role. More recently B.
Nielsen and M. NielseW" have shown, for subjects
working at moderate to heavy levels of exercise at a
constant ambient temperature of 201 , that their data
are compatible with Benzinger's viewpoint; however,
for a constant level of moderate exercise, sweating in..
creased linearly with skin temperature as the ambient
air temperature was raised from 5' to 37°C—a result
compatible with interpretations of Belding and van
Beaumont.
The data reported here describe, for steady state
conditions, the general relationship between skin sweat-
ing during exercise and the key physiological and en-
vironmental variables. The statistical equation (1)
above, between skin sweating, rectal and skin tem-
perature with its high multiple correlation coefficient,
shows that there is a close relationship between all
three factors. In resting studies 3,11,941 evidence points
to a threshold value of 33.30C for skin temperature
for the initiation of sweang. If the value 33.3°C is
inserted in eq. (1), it follows
SW = 114 (Tr — 36.6) + 17 (Tg — 33.3), (L)
Our present data for exercise, conditions ma y be ex-
pressed statistically by the linear relation (2) between
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CSaltin, B., A. P. Gagge, and J.A.J. Stolwijk, 'Muscle
Temperature During Submaximal Exercise. J. Appl. Physiol
------------, 1968. Quadriceps muscle temperatures (T ) were
measured by thermocouples inside indwelling teflon camEheters
(6 cm deep) and needle probes (used intermittently) on four
healthy male subjects dressed in shorts, chile pedalling a
bicycle ergonieter (50 rpm) at 27%, 46% and 72% of maximal oxygen
uptake (4.38 1/min) and at 10°, 20° and 30° air temperature,
(T ; R1I < 40%). There are marked temperature gradients within
the muscles studied. With the onset of exercise T rises
rapidly from resting levels of 35° ± 2° and t.rithinm3-5
ininutes is above the rectal tei,.erature (T ), and reaches
a relative equilibrium after 10-20 minutes ofexercise. The
difference T - i' after 30-60 minutes of exercise is 0.65°C
in ambient temperatures of 10° and 20°C, and 0.95°C in a
'30% environment. The value of T - T is independent of the
level of exercise. T increased Tinearly with the relative
work load and averagedr 37.5°, 38.1° and 38.7°C at the three
C submaximal %:,ork loads. Skin temperature (T ) is principallyrelated to T -and unrelated to T or 002. s Skin sweating,
observed over 15 minute periods correlated well with T
Tr , and metabolic rate (all r=0.85) and has a better multiple
correlation (r=0.94) with T and T . However, during steady
m	 s
state exercise, T and T are so closely correlated (r=0.9)
that it is impossi	 rble to assi gn with our present data any unique
role to either T
111r
or T in the control of regulatory skin sweating.
body temperature during work; muscle temperature during rest and
exercise; sweat regulation during work; skin temperature during work
,v^-4
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INTRODUCTION:
During exercise the body regulates at a hither core temperature
than during rest with the magnitude of the increase proportional to the
work performed by the individual (15,22). Exercising muscles generate
considerable heat, but, at the present time, only few observations on muscle
temperature during exercise can be found in the literature (1,7,8,18,22)
The principal aim of the present study was, therefore ., to obtain continuous
recordings of muscle temperature in man during exercise at different levels
and at various ambient temperatures and to relate the observations to
simultaneous measurements of other body temperatures. Further, since
muscle temperature has been postulated to have a role in sweating {251
an attempt was made to evaluate any relationship between muscle temperature
and skin sweating for the steady state conditions.
SUBJECTS:
The principal anthropometric and circulatory data on the four
Table 1.	 'healthy male subjects used in the present study are presented in Table 1.
The first three subjects listed were not trained or accustomed to regular
bicycle exercise. Prior to the experimental series these subjects trained
1-2 hours every day for two weeks at ambient temperatures of 20-30°C on
the bicycle ergometer. This preliminary training resulted in an average
'increase in maximal oxygen uptake of 0.30 liter/min (8%). No further
changes in these maxima were observed during the remainirig period of
the study, which was performed during July and August. 1967.
eesm ..^:^.e.........^.._—_--.	 :..::_.....e..:..«.,:.,^ms cm.,.w.»...^.^_._.q..a..-aa,.au,evr.^.s..arrrannv+s•. s.:.:v.a .u..m	 g..M.. ,'x.._.	 ._,._. ...^.w. t.^	 ...
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Table 1. Anthropometric and Circulatory Data for Test Subjects
^,'ubject. Age Height Weight Surface Max. Max. Oxygen Uptake
Area* Heart Rate STPq
^r Years cm kg m beats/min. L/min. m1/m x min.	 ml/kg x min.
k^R
R.D. 23. -1:81 78.5 2.00 193 3.87 1.94 ^i9	 ,
P.M. 21 184 95.5 2.20 235 4.20 1.91 44X., H..0. 23 184 88.0 2.13 188 4.38 2.06 50
N.
B.S. 32 187 89.5 2.18 186 5.17 2.37 58
.*According to DuBois	 (10)
METHODS AND PROCEDURE:
Two different techniques were used to measure intra-muscular
temperatures:
(a) A copper-constantan thermocouple was placed in the tip of a
16 gauge hypodermic needle of 6 cm length. The needle was introduced in
the muscle as deeply as possible and then withdrawn in stages. Readings
were continuously observed and . recorded on a millivolt recorder at each
stage of these manipulations.. Measurements of temperature in muscles
which are active during pedalling were made during short rest periods. The
readings were always recorded within 15 seconds after the exercise stopped.
Temperature measurements in muscles not involved in pedalling were made
*60th during rest and during exercise.
i
	
(b) Two or . three copper-constantan thermocouples spaced 1.0-1.5 cm
apart, were placed at the end of a teflon catheter with an outside diameter
of 1.4 mm. The tip of the catheter was sealed. Five to seven cm of the
catheter with the thermocouples inside was inserted through a needle
placed in the lateral portion of the quadriceps muscle approximately 15 cm
above the patella and at an angle to the skin surface of not more than 60°.
The exact position'of the catheter in the muscle was checked by biplane
X-Ray before and after each exercise period.
	
N-V? The vertical
depth under the skin for each separate thermocouple was measured from the
X-Ray photographs. Recordings were made on a 12 channel millivolt recorder
at 40 sec. intervals during the experiment.
Rectal temperature was measured by a capper-constantan thermocouple
sealed into a polyethelene tubing 6 mm in diameter and inserted 12-15 cm
beyond the anal sphincter. Readings were recorded at 40 sec. intervals.
Tympanic membrane temperatures, when observed, were measured by the method of
Benzinger and Taylor (6) with the subject himself placing the element
against the membrane. Recordings of tympanic temperature was also made
every 40 seconds. Only on one of the subjects (PM) was it possible to
get reliable tympanic measurements during heavy exercise. Skin temperatures
were measured during rest and exercise at approximately 5 , minute intervals
at ten standard locations of the body surface (dorsum hand, forearm, upper
arm, cheek, upper back, lower back, chest, abdomen, thigh and calf),by
means of a chopped-beam infrared radiometer containing a constant tempera-
ture internal reference cavity(23). Average evaporative heat loss over
15-30 minute periods was determined by weighing the subjects during a
1-3 minute intermission without exercise on a precision double beam balance,
equipped with a strain gauge and a strip chart recorder(24)... The scale
accuracy was within 2 grams. The evaporative loss from skin surface itself
was found by subtracting from the total evaporative heat loss the heat
of vaporization of water lost from the lungs (14).
Oxygen uptake or metabolic rate was determined by continuously
analyzing a metered flow (200-450 L/min) of air containing all exhaled
gases. Gas concentrations were determined with a Pauling 02- and a
Liston-Becker CO 2-analyzer. Heart rate was counted over a 10-15 second
period either by palpation or from an • ECG tracing. In..the present study
metabolic rate and the heat lost by skin sweating • are expressed in kcal/hr
per sq. meter of body surface, (10).
t_
Table 2.
Table 3.'
PROCEDURE:
The exercise was performed on a mechanically braked .bicycle
ergometer (9). Pedal frequency was kept at 50 rpm by use of a metronome
and was continuously recorded by a revolution counter. All experiments
were carried out in an air-conditioned chamber controlled at ambient
.temperatures of approximately 10°, 20° and 30°C. Relative humidity was
maintained between 35-40% and room air movement was constant at around
20 em/sec. , Outside air was continuously introduced into ' the test
chamber so that there was a complete change of air at least once every
Lan minutes. Measurements at rest were made within minutes after the
,subject had entered the test chamber in which the exercise was performed.
The subjects' maximal oxygen uptake was determined by , a standard
procedure (2).. The submaximal work loads were chosen so that they
represented approximately 25, 50 and 70% of the subjects' maximal oxygen
'uptake. The work loads for each subject are given in Table 2. The two
lowest work, levels were usually performed in sequence the same day with
only short intermissions (1-3 minutes) for weight measurements. The
heaviest work load was performed on a separate day. Catheter measurement's
were made only once a week in each leg of a subject. Catheter measurements
of muscle temperature were obtained at least once on-all subjects exercising
at 'Che three different submaximal work loads listed in Table 2 and at the
three different ambient temperatures. When more than one experiment was
performed at the same condition in one subject, averaged data are given
in the results presented in Table 3.
L g.
t	 ?:
^r;rY • -r.
$':r3 Table 2. Submaximal [fork Loads	 (kpm/min)''-
Percent 'of Maximum 110
2
Subjects Mean 27io Mean 467 Mean 727
R.D. 300 600 1050
P.M. 300 750 1200
H.O. 300 750 1200
`	 B.S. 450 1050 1650
VI
* kpm = kilopond meter; 1 kp is the force acting on a mass of ? kg
with normal acceleration'of gravity. 100 kpm/min = 98 . 1 Joules/min
(or 723 foot pounds/min, or 16.35 watts, or 14.95 cal/hr). The
internal friction within the bicycle was approxima , :ely 87 at 50 rpm,,
which is not included in the above figures.
^l
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RESULTS
4
A series of experitnents were performed to find a representative
location in the lateral portion of the thigh for determining muscle
temperature.	 Comparative measurements in the muscle were observed at
1) different depths in the muscle, 	 2) different locations of the muscle
and	 3) in the left and right thighs. 	 Comparisons were made at rest
and after 30-60 minutes of exercise at different work loads and at
Fig,	 l. , different air temperatures.	 Figure 1 gives the results of this preliminary
study.	 'In-the upper panel of Figure 1 the highest temperature observed
at a depth under the skin cF approximately 5 cm is compared to the highest
readings at a medium depth of approximately 2 cm under the skin surface.
-In all instances the temperature in the superficial parts of the muscle
"- was less than those in the deeper parts.	 This difference was less at
higher work levels but, even at the higher muscle temperature of 39°C,
gradients up to 0.5°C were observed between the depths of 2 and 5 cm.
In the middle panel of Figure 1 the highest observed muscle temperatures
of the lateral portion of the muscle at 10, 15 and 20 cm above the patella
were compared.	 Almost the same values were found, although'in some
instances the distal third of the muscle had a slightly lower temperature.
A comparison of left and right thigh muscle temperatures gave identical
results, as seen in the lower panel of Figure 1.
Fig. 2 Figure 2 shows.that the highest readings of the muscle temperature' .
recorded with the catheter technique agreed well with simultaneous maximum
measurements with the needle probe, whenever the catheter was properly
^^3placed •	 On the other hand, if the catheter was
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°$ not deep enough or caused the subject some pain during the exercise
F.' on the bicycle, spurious results could be obtained. 	 Such a result from
Fig.. 3 one experiment is shown in Figure
	 3. In this experiment the catheter
was properly placed in the left leg but caused some pain.
	 The pain
' in turn caused the subject to push less hard with his left leg than
k3 with his right.	 This action resulted in a lower muscle temperature in
the left leg and a higher temperature in the right. Otherwise, oxygen
uptake and rectal temperature were observed at•the expected levels for
the work loads performed.
Y ' Resting muscle temperatures in general were always lower than the
-rectal temperature. 	 The overall range observed for resting de ep muscleg	 8	 P?r^
^r3
.. •
.
temperature of the thigh was 33.0 - 36.5°C.
	 This range was also true
; for the shoulder muscles.
	 If the subject was close to a basal state
N and had not performed any exercise previously the same day, deep muscle
Fig. 4 temperatures of 33 to 34°C were usually observed at rest (see Figure
	 4,
right panel and Figure 5, middle panel).
Figure 4 shows simultaneous temperature measurements of the thigh
muscles of one subject (BS) along with rectal and average skin temperatures.
These measurements were taken at an ambient temperature of 20% and at
y three different work levels.
	 Muscle temperatures at all depths increased
rapidly at onset of exercise and reached a relative plateau within 10-22 minutes.
The rectal temperature did not increase until at least the highest observed
temperature in the muscle was above the rectal temperature.
	 Rectal,temperatures
also reached a relative steady-state after 30 minutes of exercise. Com-
plete thermal equilibri •sm may have taken longer(ref 15 and Figure
	 5). Skin
temperatures gradually dropped approximately 2°C during the first 10 minutes
of exercise and thereafter remained at a rather constant level.
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Average skin temperature during exercise was usually 1.0°C lower than
the temperature of the skin over the thigh muscle itself. 	 This was also the
case for the three conditions illustrated in Figure 4. 	 Similar results, as
Fig • 5. above, are illustrated in Figure 5 for a subject (PM) working over a 45-60 minute
V^ period of exercise at a work load demanding 72% of maximal oxygen uptake but
performed at the three-ambient temperatures of 10°, 20° and 30°C on separate
days.
	
The rectal temperature leveled at approximately 38.6°C after 30 minutes
of exercise at all three ambient temperatures. 	 In the 30° experiment tympanic
temperatures observed agreed well with rectal temperatures. 	 -Muscle temperatures
behaved very similarly in the early phases of exercise in all three air tempera-
I
tures.	 However, at the 30 0 temperature the highest observed muscle temperature
V,_ o(39.95 C) had never reached an equilibrium plateau when the exercise was terminated.
At 30° all four subjects demonstrated a continuous storage of body heat for the
X1;1 heaviest work load; subject (BS) also showed the same rapid increase without
s3
equilibrium in the deepest muscle temperature as is illustrated here for subject
J
7
P.M.	 In this experiment on B.S., the deepest muscle temperature was 40.8°C
-"a at the end of exercise before exhaustion. 	 The rectal temperature in both these
cases did not deviate from what was observed in the other experiments at the same
workload (Table 3).	 In Figure 5 there was a marked drop in the recorded muscle
r
temperatures after 20 minutes.
	 From the X-rays taken before and after exercising
it could be seen that the catheter had changed somewhat from its original
location within the muscle, as indicated by schematic drawing of X-Ray photographs
Individual values for the highest observed muscle temperature in the thigh
f:'
muscle and rectal temperatures after 30-60 minutes of submax'imal exercise are
Fig-. 6. given in Figure 6. At 25% of maximal oxygen uptake the mean rectal temperature
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/%x
R was 37.45°C and increased to 38.60°C at 75% max V0	The standard
2
(	 `! deviation for rectal temperature vs oxygen uptake in per cent of the individuals
maximum around its regression line was 0.17°.
	
The variation in muscle temp-
erasure was greater., due in part.tc
 the influence of changing ambient tempezature.).
i
The observed differences between muscle and rectal temperature averaged 0.93,
0.69 and 0.61°C at the ambient temperatures of 30% 20° and 10° respectively.
Mean skin temperature correlated well with ambient temperatures
(r	 0.94) and averaged 33.4% 30.6° and 28.3° at 30% 20° and 10° ambient
temperatures respectively.
	 There was neither a significant correlation
between skin temperature and metabolic rate nor between skin and muscle
Fig. 7. temperature as shown in Figure 7.
f
The relationship between individual values for skin sweating and thigh
Fig. 8. muscle temperatures is presented in Figure 8.
	
It can be seen that skin
sweating is well related to the muscle tem peratures, even if it is evident
t. Q	 the ambient or skin temperature (compare with Figure 7) also influenced
sweat rate.	 The multiple correlation coefficient for skin sweating versus„
muscle temperature and ambient air temperature (or mean skin temperature)
i was 0.93.	 A similar multiple correlation including the metabolic rate
instead of muscle temperature gave a coefficient of 0.96.
Ambient temperature influenced the response of heart rate at all work
I levels.	 When these rates are compared at the heaviest work load at 10%
and 30°C, the difference observed was 23 (164 versus 187)'oeats per minute
Fig.	 9. as shown in Figure	 9.	 The heart rates at 20% environment always fell
between the levels for 10° and 30%
i
z- 1.i+i•a^^^„+w♦u^ww..^..-.:...•.+^w^...4w
	 wwwr^w.nVrww_-^	 ^«^' +l.,wsw+..w «^...w►.^	 ^•«rrru«rr.vw..r,+.r♦.w,.+«•.,,•.ew^w..w ^	 ..;w:al...af.aaw.w 1.,` ^
1	 1
'
•
cl
O
QI.. G1 0
^4 •ri
r 00	 0 ^.
r^ ©H•
O
K 01)
ty'^
eu ,^ v^d uF
0,0 3
 © K N• cad	 td
,I Q
. 4l	 N	
,',S
O Q
3
4 Q. x 1^
^
K a	 u
K O 1u 4 u
cj • a^	 u
;uKa^i
U4
• 4-o	 tof 0.0 Uu a, va^i g0 0 0
toll
s c•^	 t^ CV)  M N co
Ulij a UD^'U
N oo	 i
.r
P4	 4
I	 All
1001
0 L// -'-37'
K cot/ 0—h.-
t?
V
300
U)
200
Amb
0
a
x
JJ	 4u	 L
Muscle temperature
VlI uL'S for tile L
3C	 minu
*tt— of exe rc ! s L.
rate in r,, la —
 n
C)
i
beats/ min
200 --- - -mean max HR— - - - - --
V
V^ 	 X
V
150
x	 Ambient temp.
O	 10° C
O	 20° C
X	 30° C
100L_
X
i
20	 40	 60	 BO
Oxyoa n up ^al:^ ( -- j'°-2=_ X 100 )(flax VOi
Fig. 9
	
mean values for the heart rate after- 45 minutes of e\ercise at
three diffe.rcat	 ent temperatures in relation to the relative
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DISCUSSION:
The lateral portion of the quadriceps muscle was chosen for muscle
temperature observations since it had been demonstrated previously that
this muscle was best suited for the study of the effects of bicycle exercise
on active muscles(11,13).The present study again confirms that the lateral
portion of the quadriceps is a muscle actively engaged during the bicycle
exercise, as its observed temperatures rapidly rise above the rectal temperature.
Our experience has shown that the location of the thermocouple within the working
	
•	 muscle is critical for a correct observation of its working temperature. As
shown in Figure 1 , 5 and 6, there are marked temperature gradients within the
muscle both at rest and during exercise with the highest temperature usually
found in the deepest part of the muscle. Another important factor is the
posture of the subject while exercising. Small changes in work position on the
bicycle saddle may alter the observed muscle temperature several tenths of
	
Fig. 10	 a degree and, as demonstrated in Figure 10, a change from sitting to standing
bicycle exercise can cause a variation of 0.5°C. These results imply that
certain parts of the muscle may be more actively engaged in muscular contraction
in one work position than another and may explain why a rather large variation
in blood flog can be seen in different parts of the muscle even during steady
state exercise(ll).
The thermocouples used for measuring muscle temperature were placed
either in a needle or in an indwelling catheter placed in the muscle. The
"catheter-technique" is the only method now available for continuous observations
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of exercising muscle temperature. Its disadvantage is that the catheter may
be accidentally placed in a part of the muscle that is inactive during exercise.
On the other hand, the needle probe can easily be inserted at different locations
and depths, but a short rest period is always necessary to get a reading. When
the catheter was used for continuous readings, a check with a needle probe at
the end of exercise assured that the temperatures observed with the catheter
really reflected "true" muscle temperatures (i.e. the highest in the muscle).
At onset of bicycle exercise the temperature in the quadriceps muscle
increased very rapidly and the highest observed temperature surpassed the rectal
temperature within 5 minutes. A relatively stable but similar level for the
muscle temperature was observed after 10 -20 minutes at 10° and 20° ambient temp-
eratures; muscle temperature averaged 0.65° higher than the rectal temperature.
During periods of prolonged exercise this is the predicted temperature difference
between muscle and arterial 'blood, based on calculations from available data at
20° ambient temperature on blood flow through and arterio-venous oxygen dif-
ference over exercising thigh muscle (11,21),In the 30° environment a somewhat
larger temperature difference (0.95°C) was found between the muscle and the rectum.
The higher temperature difference between working muscle and rectal temperature
is undoubtedly related to decreased conductive heat loss due to the smaller
gradient between muscle and overlying skin at higher ambient temperatures. One
?ig. 11. example of this is given in Figure 11 which shows the temperature of inactive
muscle as a function of rectal temperature at two environmental temperatures. It
is clear here, where muscle perfusion is much lower, that the ambient temperature
has a large effect on inactive muscle temperature at any given rectal temperature.
i	 '
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Another contribution to the increased muscle temperatures observed
at higher ambient temperatures may be a reduction of blood flow through the
working muscle itself under these conditions. Williams et al (27) found, later
confirmed by Rowell et al (19), that exercise in the heat does not cause the
cardiac output to increase at a given submaximal work load. The increased skin
flow is then associated with a relative reduction of the blood flow to the
splanchnic area but also to the muscles (27). Since work output and oxygen
Lptake are unchanged, muscle temperatures must be higher. Williams et al (27)
also demonstrated a larger lactate production with higher work loads in the
heat as a consequence of the reduced muscle blood flow. Sin .--e determination of
blood lactate was not included in the present study, it is impossible to state
whether exercise in our subjects caused a higher lactate production in the 30°C
environment. All subjects could, however, complete the heaviest load at 10° and
20% ambient temperatures, but subjects PM and BS who worked at the highest
relative work loads (74 and 77% resfectively) were exhausted after 45 and 37 minutes
of exercising in the 30% environment.
Rectal temperature at all three work levels was independent of the ambient
temperatures (10° - 30°), confirming Nielsen's (15) findings. The temperature
in the muscle, however, does not seem to be actively regulated at a fixed level
during rest or exercise. Muscle temperature is the net result of a regional heat_
balance, caused by locally generated metabolic heat, heat carried to and away
by the blood, heat lost to superficial tissues by conduction, and local heat
storage. This does not mean that important temperature signals can not be
obtained from the muscles. However, if muscle temperature does play a role in
the body temperature regulation it remains to be demonstrated how its signals
are mediated to a temperature regulation center.
rUse of the rectal temperature during exercise as an index for core
temperature has been questioned (12,16). During exercise the mean
difference between the rectal and the tympanic temperatures was 0.16°C
(range 0.0 - 0.35°C) with no definite tendency for a wider difference at
higher work loads. This difference of 0.16°C between rectal an( tympanic
temperatures is very close to the difference of 0.14° found between esophageal
and rectal temperatures (29). These two studies then support the view that
for the steady state during leg exercise -ectal temperature is a good index
of the core temperature. The difference between rectal and central arterial
blood temperature seems to be approximately 0.15°C.
Confirming previous results, the present findings emphasize that rectal.
{ CL
temperature is directly proportional to the relative work load (15, 28),
that the skin temperature is largely dependent on ambient temperature (14).
For subjects with large differences in maximal oxygen uptake working at
the same relative work load (i.e. different absolute work loads at the same
ambient temperature) the rectal and skin temperature will be the same but
sweat rates will differ. 	 This may be seen when
subject BS is compared with Pit, RD and HO in Table 3. Since maximal oxygen
uptake v:.ried within rather narrow limits and since this variation was also
partly due to differing body sizes, overall marked differences in the present
subjects cannot be expected.
The regulation of skin sweating during exercise is still a matter of
controversy (3, 4, 5, 17 and 25). In the present study it was possible to
p; a7.	 —'Co`	 ! 5Lv, r d\
demonstrate a correlation between internal body temperature and skin
sweating. This correlation was markedly improved if skin temperature is
also taken into account (26). However, since rectal temperature and
temperature of working muscles during steady state exercise are closely
correlated, it is impossible to differentiate between the individual effects
of rectal and muscle temperature on sweating or to determine whether they
each have any unique role in controlling sweating. Although skin sweating
during transients was not specifically studied here, it has been shown by
Robinson et al (18) and van Beaumont and Bullard (3) that skin sweating may
stars within seconds after onset of exercise. Th- initial rapid rise of
muscle temperature with exercise, recorded in our present experiments
(see,Figures 4, S) does parallel this rapid rise of skin sweating.
The authors wish to express their appreciation to Professor G.E.'Lindskog
of the Department of Surgery, Yale University School of Medicine for his assistance in
developing the technique for placement of the muscle catheter. We also appreciate
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Abstract
Sensory Estimates, using nominal scales, were made by four healthy
male subjects dressed in shorts, while pedalling a bicycle ergometer
(50 rpm) at 30%, 50% and 70% maximal oxygen uptake and at 10°, 20° and
30° ambient air temperature (RH 407). Parallel physiological measurements
were rectal, muscle (quadriceps) and average skin temperature, metabolism,
sweat heat loss from the skin and skin heat conductance (a measure of
skin blood flow). Conclusions: after 30-40 minutes of steady exercise
(1) Temperature Sensations ranging from "cool" to "hot" are principally
related to skin and ambient air temperatures and unrelated to metabolic
rate, muscle and rectal temperatures; (2) Warm Discomfort is principally
related to skin sweating and skin conductance (and is affected eitier by
air temperature and metabolism or by both skin and rectal temperature).
It thus appears that during steady state exercise the judgement of
temperature is dominated by sensor mechanisms in the skin and that warm
discomfort is principally governed by thermo-regulatorv-effector mechanises
(sweating and skin blood flow). During thermal transients caused by the
rise in metabolic energy with the start of exercise both comfort and
temperature sensation are related to the initial rise in mean body temperature.
After 20-30 m:*Lutes of exercise the conclusions above apply. Using metabolic
rate and the ambient temperatur;_ as the parameters, a zone of comfort
(i.e., zero discomfort) has been described for steady exercise. The lower
boundary of this zone is described by those exercise levels and air
temperatures where skin sweat is zero. The upper boundary corresponds to
a skin sweat rate of 150 kcal/m 2-hr or approximately 65% wettedness of the
skin. For this upper limit considerable individual variability can be
expected. Finally, in this zone the percent maximal oxygen upLdke shall
not exceed 50%.
2.
INTRODUCTION:
Man's resting state has been used as the standard condition for the
majority of studies in the literature on thermal comfort to date. As
summarized earlier in the present Journal (Gagge, et als, 1967), the classic
studies on Thermal Comfort were first undertaken by the ventilating engineering
profession (Houghtor.,et als, 1924-28) and have been continued by them to the
present. Asmussen (1967) has described the exercise state as a second experi-
mental standard in contrast to the resting state during which the same physio
logical functions and presumably thermal sensations may be studied. He
envis'_ons the main problems of the physiology of exercise are the comparison of
these two states and the explanation of the adaptive process . in passing from
rest to exercise. The study of thermal comfort and its relation to exercise is
again becoming of increasing interest to the ventilating engineers (McNall,et als,
1966, 1967, 1968; Fanger, 1966; Ibamoto and Nishi, 1968) in their continuing
effort to establish comfort standards for various occupations under various
environmental conditions.
The purpose of the present study is to compare observations of thermal
comfort and temperature sensation with the physiological changes occurring over
a parametrically chosen range of exercise levels and ambient air temperature.
Unclothed subjects are used to set a standard comparable to the extensive
studies in the literature for unclothed resting subjects. Physiological measures
of principal interest are metabolic rate, skin sweating, rectal temperature,
working muscle temperature and skin temperature.
3.
3
4.
As in our earlier study on the resting state, the category scales shown in
Table I	 Table I again will be used for the separate reporting of comfort and temperature
sensation. The numbers indicate a numerical progression useful for analyzing
these nominal scales in graphs and by statistics.
The two major parameters in the present study on exercise are
metabolic rate and ambient air temperature. Exercise in the present
study was performed on a simple bicycle ergoreter (D8beln W. von, 1954) at
a constant pedalling rate of 50 rpm. Work loads were so chosen that the
subjects were exercising at approximately 25, 50 and 75% of their maximum
oxygen uptake, as determined by procedures described by Rstrand and Saltin
(1961). The resulting metabolic rates were approximately four, seven and
ten times the average sitting resting rate. Three levels ofambient air
temperature were used at about 10°, 20° and 30°C. Relative humidity was
k
always maintained between 30% and 40% and the air movement in t}Le test
chamber was constant at around 20-25 cm/sec. Outside air, continuously
introduced irto the test chamber, caused a complete change of air once every
ten minutes.
Our experimental subjects were four healthy male subjects. Their
average height was 184 cm and weight 88 kg; their average surface area
(DuBois, 1927) ranged from 2.00 to 2.18 sq. meters, averaging 2.13 sq. meters.
After a preliminary period of training on the 7rgometer their maximal oxygen
uptake ranged from 3.8 to 5.2 liters/min with a mean of 4.4. Three of the
four subjects had a maximum heart rate close to 190 beats/min.; the fourth
able II	 had a maximum of 235 beats/min. Table II summarizes the anthropometric and
circulatory data for the test subjects in these exercise experiments. 	 I
TABLE I
Category Scales for Comfort and Temperature Sensation
Scale of discomfort sensation
	
Scale of thermal sensation
1, Comfortable
	
1, Cold
2, Slightly uncomfortable
	
2, Cool
3, Uncomfortable
	
3; Slightly cool
4, Very uncomfortable
	
4, Neutral
5, Slightly warm
6, Warm
7, Hot
C'
Surface Max. Max. Oxygen Uptake
Weight Arga* Heart Rate STPD
kg mZ beats/min. L/min. ml/kg x min.
78.5 2.00 193 3.87 49
95.5 2.20 235 4.20 44
88.0 2.13 188 4.38 50
89.5 2.18 186 5.17 58
87.9	 2.17	 201 (189)**	 4.41	 50
TABLE II
Anthropometric and Circulatory Data for Test Subjects
Subject	 Age	 Height
years
	
cm
RD	 23	 181
PM	 21	 184
OZ	 23	 184
BS	 32	 187
Mean	 184
ta
* According to DuBois (7)
** Average - without PM
r
5.
The data to be described in the present paper were observed during July
and August, 1967. The methods, used in the present exercise study to measure
and analyze the principal physiological variables concerned, have been described
in detail by Saltin, et al (1968) and Stolwijk,et als (1968). In the first of
these two earlier studies the focus of interest was the temperature of working
muscles during cycling measured by indwelling teflon catheters or by needle
probes, used intermittently, in the quadriceps muscle. In the second study
the heat lost from the skin surface by regulatory sweating was the focus of
interest.
Conventional methods were used to measure rectal temperature (thermocouple
12 cm above anal sphincter) and metabolic rate (analysis of exhaled gases using
Pauling 0 2- and Liston-Becker CO2- analyzer). Skin temperature was observed
as an average of 10 representative locations over the body surface and measured
by means of a chopped-beam infra-red radiometer. Muscle temperatures were
observed with the needle probe in nearly every experiment, and at least one
catheter experiment was accomplished on each subject for the 9 possible test
conditions. Muscle temperatures reported in the present paper, represent the
maximum value observed by either probe or catheter at the time of observation.
The total evaporative heat loss was measured as weight loss on a precision
double beam balance equipped with a strain gauge and strip chart recorder. The
heat loss by skin sweating was found by correcting the overall evaporative heat
loss for the water loss by respiration from the lungs.
The routine experimental protocol was generally as follows: After 30
minutes of bed rest in a thermally neuiral room (26°-28°C), the subject, dressed
in shorts, socks and rubber shoes, entered the test chamber and took his seat
on the bicyc'e. Test measurements and exercise began within 5 minutes. The
r
C
{
6.
two lowest work loads (approx. 40 min. each) were performed usually in sequence
during the same experimental period. The heaviest work load was performed on
a separate day. From the start of the experiment category estimates of
sensation, described in Table I were recorded simultaneously with each skin
temperature measurement. This occurred at 7-10 minute intervals till the end
of the experiment. Sweat rate measurements were observed after 20 minute
intervals during a short (2 min.) rest period.
In the present experimental series on exercise at three work levels and
three temperature levels or under nine different combinations, a total of
72 experimental runs were performed on the four subjects. At lease one experi-
mental run at each condition was performed on each of the four subjects.
Physiological Responses to Temperature At Various Exercise Levels
Emphasis in the present section will be on the average physiological data
observed 30-40 minutes after the start of exercise. The .'ata so observed
represent conditions of relative thermal equilibrium rather than complete
thermal equilibrium. The rectal and muscle temperature in al: test conditions
except the most stressful (30 0 at 70% V
02 
max. and 10° at 30% V 
02 
max.) had
reached an apparent equilibrium at the end of exercise. The averaged physio-
Table III & logical data for all subjects are listed in Table III. Also listed in Table III
Footnote
Fig. 1	 are averaged data for resting condition extrapolated from Fig. 1 of our earlier
comfort paper (Gagge et al, 1967). This table anus presentF to the reader a
general overall picture of the physiological responses as they occurred for the
nine different test conditions. Physiological data for skin sweat, rectal and
skin temperature,which factors principally affect thermal comfort, have been
plotted in Fig. 1 against the two experimental parameters, am',ient temperature
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Footnote to Table III
In the above table, columns (1) Metabolic rate for
area, 2.17 m - ; (2) based on a maximum metabolic rate of
an average 4.36 liter/min max V 	 (3) Ambient air tem
2
skin temperature by hand-held radiometer; (5) Rectal or
average body surface
610 kcal/m2 -hr or
peiature; (4) Average
core temperature;
(6) Maximum temperature of quadriceps muscle at 5 cm depth; (7) Avera ge work
load on bicycle; (8) Total evaporati- a heat lost; (9) Change in body temperature,
AT 
bp 
calculated from relation [2.13/(0.84)x(88)] x S where S = E + 9.5 x
2(T s - T a ) + W - M in kcal/m -hr; (10) Heat loss by regulatory sweating at
skin surface, calculated from relation E - 0.08M - 5, which corrects total
loss for respired water loss and water diffused through skin; (11) calculated
from relation 100 (E - 0.08:1)/(9.5 - 4.5) x 2 x (p s - ^ pa), where p  is partial
pressure of saturated water vapor at skin temperature T 
s , Pa
 is partial pressure
of saturated water vapor at temperature T a , both in mm of Hg, ^ is fractional
relative humidity, "45" is the linear radiation coefficient and "2" is the
Kerslake factor (Brebner,et al, 1938); (12) Skin conductance, calculated by
[SW + 9.5 (T
s - 
T a	 r)]/[T - T s ], (13) Heart rate - values on left, averaged
for all subjects; on right, without PM.
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Fig. 1	 The relation between skin sweaCir.g, rectal and skin Cemoerature
after 30-40 minutes or exercise and the e::Derinencal parameccrs
metabolic r ate and ambient air Ce_:1erdCu:2. 3estinz Values from
a previous s ! ud -,;- alCer 30 minutes exposure are indicated b': dasf:ea lines.
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and metabolic rate. As has been observed previously (Nielsen, 1938,
Saltin and Hermansen, 1966), rectal temperature is proportional
to the metabolic rate and independent of ambient air temperature. The
apparent dependency of average skin temperature principally on the ambient
air temperature and independency of the work load was first recognized during
our present study (Stolwijk,et als, 1968). Other interesting relationships
can also be plotted from the data in Table III. The reader will see that
heart rate varies primarily with metabolic rate but drops slightly with colder
air temperatures at a given metabolic rate. The'temperature of the working
muscle rises in parallel with the rectal temperature and the effect of ambient
air temperature on their differences is negligible. Skin sweat also increases
in parallel with skin conductance, a factor which can also be interpreted as
a measure of skin blood flow.
As may be observed in Table II, there are observable physiological
differences between the four subjects, even after their preliminary training
period. The maximum oxygen consumption for subject RD was 20% lower than the
highest for subject BS. In our earlier paper (Saltin,et al, 1968) it was shown
that the body temperatures, TR, TM and. Ts , vary uniformly for all subjects
when the data for the nine experimental conditions are compared. However, a
70% VD
 max for subject BS, for example, represents a considerably higher
2
metabolic rate (or net energy metabolism) than for subject RD. For this reason,
skin sweat heat loss varied considerably between the subjects and was primarily
dependent-on-metabolic rate rather than max VO
2
•	
f.
i
8.
Steady State Sensor! Estimates for Three Levels of Exercise at Three Ambient
Temperatures
table IV	 Table IV presents sensory data for discomfort and thermal sensation for
the nine test conditions listed in Table III. The data are averaged for each
subject. The subjects are arranged left to right in order of increasing
maximum V0 . There is considerable variability between subjects, but it
2
is clear that in all of them discomfort estimates are more affected by the
work level than by the ambient temperature, whereas temperature sensation is
more sensitive to ambient temperature than to work level. The individual
variation observable in Table IV can at least in part be ascribed to
differences in maximum V^ ; subjects with a high V O max (e.g. subject BS)
2	 2
have a higher absolute heat production at 50% V 0 . max and 10°C; such subjects
2
have a lower net heat loss rate in this condition and tend to experience less
discomfort and warmer temperature sensation. Under heat stress conditions
(e.g. for a work level of 71% max V0 at 30°C) subjects with a high V0 max
2	 2
tended to estimate their discomfort less.than subjects with lower max V0
2
The general physique of the subjects was still another factor. The average
at ten identical-locations on.
of	 skin fold thickness measurements / subjects RD and BS was 8 ,;,m while
for 0Z and PM it was 11 mm. Finally, subject BS had had consi;~.erably more
bicycling experience under both warm and cold conditions than the remaining
three subjects. There is undoubtedly a considerable: subjective variability in
category estimates between individualsubjects, and, as our statistical analysis
will show, there is'a tendency for the subjects with higher max V
	
to be some-0 2
what less sensitive to a given physiological and physical stimulus in their
category estimates.
71
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The complete data for the 72 experiments have been used in a
statistical analysis of sensation votes. Since discomfort may have two
meanings - warm or cold the analysis has been limited to warm discomfort
by deleting the 13 experiments where temperature sensation estimates of
"slightly cool" or below were made;thus 59 experiments fell in the range
- of comfortable and warm discomfort. 	 The results of the analyses are presented
Table V in Table V.	 For all four subjects as a group warm discomfort	 correlates best
with skin sweating and with the paired independent_ variables Ta-M and-Ts-Tr.
In a second column, statistical results without subject-BS are presented.
With the remaining three subjects metabolism and rectal temperature now appear
to play a more significant role in producing discomfort. 	 Individual discomfort
11Fig . 2 data for all four subjects are plotted in Fig. 2 versus skin sweating.	 A
regression line indicating the standard error of estimate has been drawn
for the data of subject RD, OZ and PM. 	 It will be noted that the estimates
for RD and OZ scatter around the regression line evenly and extend over
four sensation categories.	 Those for PM again scatter about this line but
extend only over three categories. 	 Those for subject BS are limited to
two .categories. Statistically it can be shown that a change of 100 kcal/m2-hr
in skin sweating will cause a.category change of 1.2.+ 0.1 in discomfort
for the three subjects. 	 The corresponding value	 for BS is approximately 0.6.
T
x
('+ TABLE	 V
Correlations of Various Physiological
and Physical Measurements With Warm Discomfort
INDEPENDENT (MULTIPLE) STANDARD ERROR
VARIABLES CORRELATION T-FACTORS OF ESTIMATE
ALL WITHOUT ALL WITHOUT ALL WITHOUT
DATA BS DATA BS DATA BS
Ambient Air (Ta) 0.44 0.42 4 3 0.84 0.93
}
Metabolic Rate (M) 0.53 0./8 5 8 0.79 0.64
Av. Skin Temp. (T s ) 0.44 0.47 4 3 0.84 0.91
Rectal Temp. (Tr) 0.55 0.71 5 7 0.78 0.73
Skin Sweat (SW) 0.66 0.84 7 10 0.70 0.56
Skin Conductance (K) 0.56 0.76 6 8 0.79 0.66
Ta , M 0.66 0.85 4,5 4,9 0.70 0.55
Ts , Tr 0.63 0.78 3,4 3,7 0.73 0.65
Ta , K 0.59 0.74 -1,5 1,6 0.73 0.74 I
PM, slope:
100 Kcal /m=- hr v^	 /
RO
	
/	 e OZ
	
A CO m A a cn	 0 PM
L^ f35
i
for SS, slops:
	
/	 0.6 cot per 100 Kcal /m=-hr
n a aa• • • •
	
100	 200	 300
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,
Fig. 2
	 Relation between warm discomfort and skin sw-eatina after 30-40 minutes
of exercise. The regression line and standard error of estimate
indicated represent the votes by subjects RD, OZ and PI`I.
V. I 	 In Table VI a statistical analysis of temperature sensation is
presented for all 72 experiments. Of the six physiological parameters listed,
temperature sense correlates best with skin and air temperatures. Rectal
il `	 temperature and metabolic rate have no significance. Multiple correlations	 'I
with Ta and M and with Ts and Tr are slightly better than those for Ta and Ts
alone. A slightly improved correlation for all factors Listed is obtained
5 .	
when the data for subject BS is excluded.. The best	 correlations
occurred for the combined data of subjects RD and OZ. For subjects RD and
OZ individually,the change in Ta necessary to caused sensation category
change was 6° and S° respectively; for PM and BS it was 10° and 20° respectively.
The change in skin temperature that causes a category change in temperature
sensation was 1.6° for RD, 1.3° for OZ,	 2.7° for PM and 4.8 0• for BS. The
individual sensititivy to air and skin temperature decreased with increasing
3 & 4	 maximal VO . In Fig. 3 and 4 the data for temperature sense for all 72 ex-
2
periments are plotted versus Ta and Ts respectively. A statistical analysis
of the entire data shows that the change in air and skin temperature that
causes a single category change in sensation was 7.2° ± 0.8 and 2.0° ± 0.3
respectively. The standard error of estimate in predicting temperature
sense from either air or skin temperature is approximately l sensation category.
I
In both Table V and Table VI skin conductance, as a single independent
i
physiological variable, shows a significant correlation with both discomfort
and temperature sense. A multiple correlation of each sensation with both
skin conductance and the ambient air temperature.shows that skin conductance
Is the more dominant in causing discomfort but shares an equally significant
role with air and skin temperature in affecting temperature sensation. In the
^	 judgement of warm discomfort,skin conductance (i.e., skin blood flow) plays a
role similar in magnitude to skin sweating.
O M Q\ cr1 cr1 O O^ Q\ t'1 ^C^ a A O ^ O n ^ r-I ^ O G^
= 0 Q r1 .i ri r1 'I I O .I O
— W
ppO^y H E-4
W
—	 - =
-
W
f	 r
O
x cn
NO C^.7 NO C14V) O^ f\ ^O O^
H H p
rl ' 1 Q` C%
W 3 '^ r 1 ' 1 r -1 ^- ri O O O
H P4
cn O
a N 00 I'D i rn O^i o
►^ - A O r r O r 1 r-1 ri O O O
— Q
Gl '
— ri Ol
u :3
A N
-
00
0
co O m CA N 00 r	 1 ^D t\
N rI c1
y ^T a 00
O Cl.
-
m v
H•
O O_
O 3
E-4 c•1 00
 r i ^D f\
N r I e 1
O d
H Ra 00 CO ^D
W •rl 9) 3
> 0) E-4 }
- H ^
w v
_ O 4
— 07 rn
►a1 ` O^ R1 T N c0 t`
N1 N t+1
-
O d A Ot a-
u
1
_	 to	 .^
r I co
Gl U
1+ rl
^ to N
IL)
P: O N O r-1 c"1 00 .7 7 N
.7
04 A
a0 (1 co N %O t` PO 00 00
,d 0 O O O O O O O O O
cc W O
H H HH
f Nc'1 r^ v1 r` O co ON N ^O ^O 00 rl coP
v 0 E-4 p O O O O O O O O OU 3
t
N ri rn 00 O J %0 Ln u1
- ^, r\ M r` N %C ^O r` t` r^
a¢ 0 0 0 0 0 0 0 0 0
• d A
1
HO F-H^ F4 u --
^ r
-- U
CG77 tcnl +^ 4
Im 11
w CL
—=
W --I + 1 H c Lr
A C C to__- O -le . r U la
H +^ cfl u C C
E v > v .^ ^ ro m a
ct cn c-.
I'7 not	 Slop.IC.14%ory a 7•Q"^
9 .orm	 o • /
/sew	 01
a neOral	 , /	 9l. / /	 a .
Icymi l, coal (20
	 / /	 °O	 ^• AO
	
/	 • 021
j cool	 am	 •	 • ^^
1 Cob r a•	 r t	 J
10	 IS	 20	 25	 50 *C
Air T.mp.ratu • 41	 j
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EFFECTS OF THEMIAL TMISIENTS CAUSED BY EXERCISE ON SENSORY ESTIMATES
Two types of thermal transients have been studied in.the present
experimental series: The first type is caused b a sudden rise•in metabolicp	 	 Y
,energy production with exercise at the beginning of the experiment. The second
is caused by a sudden increase in exercise rate during the course of the ex-
pediment. In both types of transients the ambient air temperature has remained
.	
3
constant. Due to the nature of our experimental protocol,no data are available
on thermal transients caused either by sudden or extended rest after exercise
1
or by changes in the ambient temperature during the course of the experiments..
s
?ig. 5	 Fig. 5 depicts in general the thermal transients that occur during the
3i
first type for combinations of ambient air and work rate. The time scale 	 j
starts when the subject begins his bicycling exercise. Continuous measurements 	 1
of muscle temperature from the start of an experiment were available only for
selected subjects. The values indicated for muscle and rectal temperature
are average and represent a reliable estimate of the overall trend for all
subjects. For skin temperature measurements and the sensory eGtimates of
. discomfort and temperature,an envelope of all observed data is drawn and the
level of each subject indicated within. On each chart there is indicated the
average metabolic rate and skin •sweat observed. Although skin sweating was
observed at twenty to thirty minute intervals, the rate of weight loss,•
indicated by three or four consecutive weight measurements, was usually linear
from the first weighing. This indicates that skin sweating reached a constant
i value shortly after the beginning of exercise, as previously observed by
van Beaumont and Bullard, (1963).
E
a
O	 ^3	 Phi
o	 ^	 O
/ RD-OZ-BS
O 1	 //.-_cOmfOrIJS4
	
0
O	 6
i S	 / 7-	 RD-OZ-BS
h	 neulr7/	 PM	 trf
0	 20	 40
MINUTES
B
i0= iv
%, MOx 0, =70%
Tm
T/
^^ 38
v
SWE AT
Rol 96
36	 oz /39	 T
	
P.M /11	 r^
31	 %
J
29	 %i// /.//iOZ./
Ia=JV - 	10= cv
% max 0,=70%
	
% Vmax O A= 70%
T	 Tm
m
38	 Tr
Tr	 y	 S'«EAT
Ro I /-3ii
 wE	 oz'zo9
	
S^WEAT	 PY^/70
	
I Rw ' z1J	 T	 36 ,	 S9 z4.	 T
041 3" ] -	 aw iJii	 s	 W 32	 S
qt	 -PM
32
RD
P..1=85
O I _ _ Mm farloD•'e
RD-OZ
O 6
h 4 _ neulM/
0	 20	 40
MINUTES
A
S
3 /
OZ-PM
1	 com/orlob/e	 RO
PM
neulro/
0	 20	 40
MINUTES
C
s
To = 20°
%X mox 0,=50%
39
T m^
4E 37 SWEAT	
T r
Ro	 9zl
oz /JJ ! T33
ss /.J
Q 31-
29
Q
•	 ^	 3
O OZ
D
1 eomlo^loDle / ppcp+ _?g
~ 4
D5r-OZ,
y neulro/:	 RO-85
W
2
L .	i
0	 20	 40
MINUTES
Ta_10°
% Max 02=30%
38
►`	 T
v	 r
►
.E
36	 SWCA7 TmIRoi s
31	 !ozlJ/	 T
^V	 P 9 1	 s
OZ'/Q 29
~ S
O
0 1	 drr:oifc3	 i t p2,	 , ^ /:
2	 - - - - ^evlrol
O
3
0	 20	 40
MINUTES
D ,
r
Fig. 5
	 Transient measurements or muscle temperature (T)
	 (T_)rc^_a1 t^coerature	 ,
skin temgeracure (T_), disco tort and tem?aratare sense =or the
indicated levels o,_ s
 a_biezt a-r azi I max. L,.^. Ti;. 3a is _;:e nos_
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In Fig. 5 (a), where the overall thermal stress is maximum (30°, 70%),
temperat- ,re sensation seems to level within 10 minutes. Discomfort rises
more slowly. The overall continuing rise in both rectal and muscle temperatures
reflects storage of body heat as noted in Table III for this hot condition.
The initial drop in skin temperature reflects the surface cooling caused by
a sudden and massive rise in skin sweating averaging 269 kcal/m 2-hr', or
approx. l9g/min for the average subject, a value associated with a skin
wettedness of over.100%; in addition the effective air velocity increases
at the onset 'of exercise, causing an increase in h, and a reduction in
skin temperature.
In contrast for the coldest Ta and lowest exerc se rate -(10% 30%),
Fig. 5 (e) shows how cold discomfort is affected by changing body temperatures.
Here judgement of thermal sensations shows its greatest variability. For
all three subjects skin temperature continued downward ait:?ough an apparent
equilibrium had been reached for'the observed muscle and rectal temperature.
From Table III averaged data for this cold condition indicates body cooling
still existed after 40 minutes. 	 •
Fig. 5 (d) represents a median condition (20% 50%) where thermal
I	 _ equilibrium was probably attained after approximately 30-40 minutes of exercise.
I
1
A.neutral-cool sensation occurred within a few minutes after the start of
exercise, although skin temperature dropped steadily for 30 minutes after the
start because of the combined cooling of skin sweating and loss of heat by
radiation and convection. Neither the rise of rectal and muscle temperature
nor.the fall in skin temperature after the first five minutes of exercise
seemed to affect seriously judgement of thermal sensations whether it be
•	
_	 r
discomfort or temperature,
I	
.
In Fig. 5 (b) and (c), the transients for 70% max Vp. are,given
2
for 20° and 10° and these two charts may be compared with Fig. 5 (a) for
•300 . At 20 0 an apparent thermal equilibrium was.attained for all exercise
i
levels within- 15 minutes 'after the start. At 10 0 equilibrium was not
attained until after"'30-40 minutes from the start.
The changes in Thermal Sensation that occur'during the second type of
'able VII	 transient are presented in Table VII. At the transition point 40 minutes
after the start of the experiment the subject increased his work rate from
30% to 50% max VD	 Results averaged for all four subjects before and after,
2
are presented for 30% 20° and 10% This table again shows that warm
sensation -is little affected by increased metabolic rate, but the increase
in discomfort at both 20° and 30° is due perhaps to increased sweating.
At 10°C, temperature sensation rises from a cool-cool-range to slightly
cool-neutral range while discomfort drops towards the comfortable level this
time both changes are probably caused by increasing.body temperature rather
than any change in.skin temperature itself.
PHYSIOLOGICAL AND PHYSICAL FACTORS ASSOCIATED WITH COMFORT
The above statistical analysis of the sensation categories as defined
-in Table I, has shown that the best standard error of estimate of discomfort
is approximately .7 of a category vote when predicted by the two basic
independent variables, metabolic rate and ambient temperature. The best
standard error of-estimate of temperature sensation is approximately l category
vote,,when predicted by either -skin
 temperature or ambient air temperature alone. 	 _t
During exercise a "precise" vote of "comfortable" or "neutral" implies
TABLE VII
Comparison of Sensation Votes Before and After a Sudden Increase
in Work Rate from 25% V max 02 to 50% V max 02
End of Exercise Exercise at 50% V max 02
i
F
at 30% V max.02 After 20' After 40'
T T-Sense Discomfort T-Sense Discomfort T-Sense Discomfort
a
300 5.2 1.2 5.4. 1.8 5.4 2.2
^ F
i
20° 4.7 1.0 4.8 1.4 4.8 1.4
° 2.7 2.0 3.5 1.52.7 2.3
3
14.
there'is also a probability that the vote may have been "slightly warm",
"slightly cool" or even "slightly uncomfortable". The physiological and
physical°data for conditions that may be classified as "comfortable" have
been selected for those experiments where a subject voted as follows:
slightly cool and comfortable
neutral and comfortable
slightly warm and comfortable
neutral and slightly uncomfortable
6 In Fig. • 6, skin sweating for-all experiments so selected as "comfortable"..
is plotted against metabolic rate. 	 Each point has been.coded according to
ambient temperature. 	 A "comfort" point is also indicatedfora typical
resting unclothed subject.
	 The regression equation-for comfort between skin
sweat, metabolic rate and air temperature is
SW = 0.67 M + 5.97 Ta - 195
	
,	 (in kcal/m2-hr)	 (1).
y
,f
where the multiple correlation is 0.95, the T-factor for M and Ta are 17
and 10 respectively, and the standard error of estimate is 18 kcal/m2-hr.
,.
I
In Fig. 6 there appears to be an upper comfort limit of about 150 kcal/m2-hr
j
for skin sweating.	 Since relative humidity was constant in range 30-40% for
all experiments, a %-wetted scale has been indicated on the right ordinate,
I (Gagge, 1937, Stolwijk,et als, 1968).
	 This upper level is associated with the
condition where approximately 65% of the body surface is wet from sweating.
For three of our subjects comfort was associated with metabolic rates lower
than 300 kcal/m2-hr or approximately their 50% max V0
	 level.	 The higher
2	 .
metabolic rates indicated for subject BS above 300 still fall in the 50% VO
►-
2
a	 ^

category. For all observations on. exercise plotted in Fig. 6, storage
(i.e. body heating or cooling) found by difference from the heat balance
equation was less than 10% of the metabolic rate itself.	 Since 10% of the
a
metabolic .rate is the probable error for an energy measurement estimated
by difference from a partitional calorimetric heat balance equationtnearly
all the observations represent conditions approaching thermal equilibrium.
- Thermal neutrality, defined here as regulation without skin sweating, may have
been approached in some of the experiments, where skin sweat is less than 30.
Fig. 7 In Fig. 7 average skin temperatures associated with "comfort" during
exercise are plotted against ambient air temperature.	 The points indicated
have been classified by % max V0	 level.	 The regression equation relating
2
Ts to M and Ta for comfort is:
Ts = 0.21 Ta - 0.0049M + 27.5 	 ,	 (in °C)	 (2)`
where the multiple R = 0.95; T-factor for M and Ta are 4 and 10 respectively;
and the standard error of estimate is 0.6°C.
Eq. 2 shows that metabolic rate during exercise has a small influence
on skin temperature, as judged by its regression coefficient, and 	 a	 change I
.	 I
in metabolism causes an opposite effect on Ts from what is expected physically.
f This reversal may be caused by two factors - sweating and the consequent cooling
of the skin surface and by the withdrawal of blood flow from the skin into
the working.muscle.	 The changes in skin temperature caused by ambient air
are only a fifth of what would be expected physically for conditions of thermal
neutrality as will be seen from eq. 4 below.	 The loci for Ts at two . levels of
M and Ta predicted by Eq. 2 have been drawn through the observations in Fig. 7.
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	 For conditions rated as "comfortable", the relation between skin
temperature and air temperature is indicated. The points are coded
for the two ldwer<levels of exercise. An average "restins" value
is indicated.
-- _..- sse_	 Wlnit ql
x-"	 From the heat balance equation for a subject working on a bicycle
{
ergometer, it can be shown (see footnotes to Table II) that the skin temperature
for thermal equilibrium may be described by the equation
Ts = Ta + 0.072M - 0.105 SW - 0.53	 (3)
Under conditions of thermal neutrality (i.e. when SW = 0)
T$ 0 Ta + 0.072M - 0.53	 (4)
In Fig. 7 loci for thermal neutrality are drawn for the resting, 147 and
260 metabolic levels using Eq. 4. Where the loci for Eq. 2 and 4 cross, the
probability is the greatest fora "comfort" condition to coincide with • one of
"thermal neutrality".
. g
	
	 In Fig. 8 the points plotted represent metabolic rate and ambient
temperature for "comfortable" according to our criteria above. Two dotted
loci are drawn where the skin sweat is predicted by a heat balance equation
at zero and 150 kcal/m2-hr. These two loci are drawn using Eq. 3 	 and
estimating skin temperature from values indicated in Table III and
thus'	 define a zone in which skin sweating caused by exercise does not
cause discomfort. For the low relative humidities used in our experiments,
the upper limit of sweating corresponded to about 65% wettedness. With higher
humidities the width of the comfort zone for the same 65% limit would narrow
more rapidly at 30° than at 10°.
.
In summary, over the exercise range 30 -50% max V0 "comfortable" is
2.
associated with a skin conductance of 15-30 kcal/m2-hr-°C, with skin sweating
of 0-150 kcal/m2-hr, • with a wetted area of the skin up to'65% body surface
and with skin temperature 28°-33.5°C, and with exercise below the 50% max V0 level.
2
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"comfortable" zone is defined in terms of metabolic rate and
ambient air temperature.	 The starred points represent observations
by NcNall ' et als (1967) for clothed subjects, adjusted (see text)
! to make there comparable with the present unclothed data. Without..
subject SS's observations the zone would be narrower. The relative
hamidity is low.
AN
DISCUSSION:
Nominal scales, such as described in Table 1, have been used with
considerable success by ventilating engineers. With the increasing availability
of computers,statistical analyses of thermal sensations and their correlations
with environmental and physiological changes are becoming more frequent in
the literature. Nevins,et als (1966) on the new comfort standard, McNall
et als, (1967, 1968) on exercise, Schutrum,et als (1968) on radiant temperature,
all have analyzed their sensation data exclusively by statistics and described
thermal serrations in terms of regression equations with the physical environ-
ment. For their studies they have used up to 80-100 subjects without repetitive
experimentation on any one subject. With this "extensive" approach and using
the same temperature scale listed in Table I, they have reported excellent
correlations with their physical data and a standard error of estimate, ranging
0.7-1.0 of sensation category. The high levels of exercise used in the present
study required the use of trained subjects. Our four subjects needed three
weeks preliminary training and experience before any sensory data were
considered reliable. After this preliminary period, physiological responses
were found consistent and sensory responses were given naturally and rapidly.
In Table V and VI above, the best standard error of estimate of temperature
sensation that was attained by our "intensive" experimentation is comparable
in magnitude to those obtained "extensively".
In our analyses discomfort and temperature sensation have been
correlated primarily with the two independent variables, metabolic rate
and ambient air temperature,and secondarily with metal and skin temperatures.
Fit a relative steady state condition it was shown (Saltin, et als, 1968)
that muscle temperature is closely correlated with rectal temperature (r = 0.85)
and in turn with metabolism (r = 0.84). The same may be said for heart
rate (r = 0.91). Heart rate is closely correlated with the % Max'VO and
2,
with man's perception of the severity of a work load (Borg 1961). Since
the work loads for our exercise experiments have: been -chosen to normalize
the capabilities of the subjects for physical work, it has been impossible with
our present data to demonstrate any special influence of heart rate on the
judgement of discomfort, warmth or cold. As may be seen in Fig. 5, during
transients caused at the start of exercise the rapid rise in muscle temperature
may have contributed to the.sudden rise in discomfort and temperature sensation
at 30° with 70% VO max. However, at 20° for all levels of exercise the sudden
2
rise in muscle temperature had little effect on discomfort. At 10° the initial
warming of the muscular tissue may contribute*-' to decreasing discomfort and
rising temperature sensation. After 30 minutes of exercise muscle temperature
r
has no unique influence on thermal sensation.
After a steady state of exercise has been established at 20° and 30° 	 j
where there is active skin sweating, our data in Table VII also show that a
further increase in exercise level and the consequent sudden rise in mean body,
temperature cause surprisingly little change in either sensations of discomfort
or temperature. However, at 10° and 30% V max 0 29 where sweating during exercise 	 -
is at a minimal level and when body cooling occurs, an increase in exercise level
has a considerable effect on both sensations.
18.
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Earlier studies on thermal comfort, whether judged by "pleasantness"
^-
	
	 scales (Winslow, 1935) or by the category scales above, showed that during
steady exposures a state of comfort was associated with ambient air temperatures
in which body temperature was regulated without sweating and without body
cooling and with a state of "thermal neutrality", described by zero skin
sweating and a neutral skin temperature in range 33-34% Recent theoretical
engineering studies using essentially-these assumptions have appeared in the
literature (Kranz, 1964 and Morse and Kowalczewski, 1967) and have predicted
comfort for various levels of activity in terms of"clothing insulation, ambient
air temperature, air movement, and relative humidity. More recently Fahnestock,
et als (1967) and McNall,et als (1967) have presented new data that show with
normally clothed subjects during intermittant exercise that comfort is associated
with skin temperatures well below the 33.5% level observed for rest and that
Apk
Wi	 evaporative heat loss may be well above the insensible level and in the range
expected for regulatory sweating. Fanger (1967) has used the basic data of
McNall,et als (1967) to develop a theoretical comfort equation, based on the
principles of clothing conductance, of radiation exchange, and of mass transfer
by convective heat exchange and by evaporative cooling. His environmental
parameters for comfort in terms of ambient air, air movement, humidity, and
mean radiant temperature are so defined that the resulting skin temperature
and skin sweating are values observed experimentally as the most probable
for comfort at the metabolic level concerned.
'	 I
E
20.
Our present results apply to unclothed subjects and are not directly
comparable to those of Fahnestock, McNall, and Fanger. However, in Fig. 8
there are plotted the three combinations of air temperature and metabolic
rate observed as "comfortable" during exercise by McNall, et als (1968).
For these points the observed metabolic rates are divided by the Burton's
(1955) efficiency factor for clothing, Ia/(Ia + Icl), which measures the
resulting effect of insulation of clothing (I cl) and the surrounding air (I 
a)
on body heat retention. Their data so adjusted, fall in the middle of our
zone of comfortable sweating.
Our studies, as shown in Fig. 8, demonstrate that a condition of zero
skin sweating may form the lower boundary for a Comfort Zone with exercise.
For this reason the theoretical studies of Morse and Kowalczewski (1967),and
Kranz .(1964),using basic , physical principles are useful in describing this
lower limit. An upper limit for comfort based on our studies is indicated
in Fig. 8 in terms of metabolic rate and ambient air temperature at 30-40%
relative humidity.
The earlier studies . of Winslow,et als (1937) using nominal scales in
terms of "pleasantness-unpleasantness" proposed an upper limit for the
wettedness of skin at 25% for "pleasant", 70% for their next higher category
"indifferent" and above 70% for "unpleasant". In Fig. 8 for our exercising
subjects the upper limit fitting our data for "comfortable" corresponds to 65%.
Without the data for subject BS the upper limit would be lower at about 50%.
In our*earlier'comfort paper on the resting subject,"slightly uncomfortable"
corresponded to an evaporative heat loss of 65 kcal/m 2-hr, ambient air of 	 (`
40°C,a skin sweat heat loss of 60 kcal/m2 -hr and a wettedness of appro.^imately 50%.
Comparing the two cases, there may be no s_I gnificant difference in the upper	 -`
limits-of comfort between the resting and exercise state, when judged alone
'ig . 9
by skin wettedness, a factor which includes in its evaluation the combined.
effect of relative humidity, of the increased air movement caused by exercise
and of skin gland activity.
In Fig. 6, 7 and 8 "Thermal Comfort" during exercise at various ambient
temperatures has been described in terms of skin sweating, skin temperature
and energy metabolism. A further factor that cannot be overlooked is man's
ability to accomplish his task, even when the above energy and temperature
requirements are satisfied. Man's maximum V0
 is a measure of his capacity
2
to do physical work and is directly related to his heart rate and his perception
of muscular effort (Borg, 1961). In Fig. 9 the "comfortable" conditions
considered above are now plotted in terms of 70% max. V 0 and ambient air.
2
Also in Fig. 9 are plotted all the remaining observations, rabelled "uncomfortable".
Comparing Fig. 8 and 9 it will be seen that the scatter on the ordinate for
the "comfortable" data is reduced. The Zone of Comfort appears to be curvilinear
with an upper limit about 50% max V^	 a level of activity that can be
2
maintained by an average subject for several hours (I. Rstrand, 1960). The
limits as drawn are essentially diffuse lines. The lower limit between
comfortable and cool discomfort is governed also by metabolism itself. The
upper limit is also set by man's ability to evaporate his regulatory skin
sweat with a surface wettedness in the range of 50 -65%.
It would be of interest to compare the change necessary in a physical
or physiological stimulus to cause a single category change in sensation for
resting and exercising subjects. This value is a measure of the subject's
sensitivity in judging discomfort and temperature sense. The higher this value,
r
r
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the poorer is his sensitivity. These factors may be derived from our
present data for warm discomfort and for temperature sensations above
"neutral". The data from our resting study showed that a change of
PC in ambient air temperature and of VC in skin temperature caused one
category change in warm temperature sensations. With exercise the respective
values were 7°C and 2°C. At rest a change in skin sweating of 60 kcal /m2-hr
caused a change of one category in discomfort sense. For exercise, Fig. 2
and Fig. 7 show . this same factor may be as high as 150 . kcal/m2-hr. In general
it may be said that the temperature and discomfort senses are not as affected
by changes in skin temperature and sweating during exercise as at rest.
Changes-in air temperature apparently may have approximately the same affect
on the warm temperature sense during both rest and exercise.
Our data show during steady exercise there are two distinct groups of
physiological factors affecting thermal sensations. With the onset of exercise,
a change in mean body temperature may affect both discomfort and temperature
sensation. After the initial transient has passed, the level of discomfort 	 }
seems to be governed by the rate of sweating, while temperature sensation
1
seems to depend on ski " temperature.' Since sweating and increases ir[ skin
conductance are the result of efferent activity in the thermoregulatory
system, Thermal Comfort is then a sensory judgement that is related either
to this efferent activity or to the resulting sweat secretion and vasodilation,'
but is independent of temperature sensation. During steady exercise,
temperature sensation is governed primarily by the temperature sensors of the
skin.
Summary
For exercise at relatively steady state condition over the 10-30"C'
(30-40% RH) and 25-75% max V0 ranges%
2
1. Warm discomfort is affected primarily by skin sweating. A parallel
contributing factor is skin wettedness, which is the result of sweat
secretion, humidity and movement of the ambient air.
2. Increasing warm discomfort is associated with increasing skin
conductance, - a measure of skin blood flow and of the activity of the
body's effector mechanism.
3. Changes in Warm discomfort are unrelated to changes in either skin
temperature or ambient air temperature.
4. Warm discomfort has a high multiple correlation with both metabolic rate and
ambient air temperature (the experimental parameters) and to both rectal
and skin temperature. There is a unique relation between metabolism
and rectal temperature and between skin and ambient air temperatures.
24.
C_	 6. The general relationship between thermal and comfort sensation
and the associated physiological and physical parameters becoma the
same as described above. after 25-30 minutes following thermal transients
caused by a rapidly rising metabolic rate within the body and muscles.
7. Warm Discomfort and Temperature Sense are less affected by equal
changes in skin temperature and skin sweating during exercise than
during rest. Temperature sensation is essentially the same at any ambient air
temperature whether resting or exercising. f
8. During the start of exercise the effect of thermal
transients on both sensations is the greatest. Changes in
levels of exercise from a steady 25% to 50% max V 0 cause practically
2
rio changein either discomfort or temperature sense at 20° and 30°C.
At 10°C where cold discomfort and cold temperature sensation prevail,
the initial exercise transients cause the greatest changes in sensations.
Skin sweating tends to buffer the effect of these internal thermal
transients on Discomfort but has 'a smaller effect on Temperature Sensations.
9. A "Comfortable" state during rest and exercise can be described by a
zone defined by energy metabolism and ambient temperature, where the
upper limit is set by the metabolic rate, sweat secretion,'humidity,
air movement and air temperature that result in a skin wettedness in
range • 50-65%; the lower limit is set by those same factors that result
in negligible skin sweating. Throughout this "comfortable" zone the
subject is probably in thermal equilibrium.
10. The % maximum V
0 of man's activity level should not exceed 50% for I.. _
a state of comfort.
777 7.77707!`7777777
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Fig. 1
Fig. 2
Fig. 3
The relation between skin sweating, rectal and skin temperature
after 30-40 minutes of exercise and the experimental parameters
metabolic rate and ambient air temperature. Resting values from
a previous study after 30 minutes . exposure are indicated by dashed lines.
Relation between warm discomfort and skin sweating after 30-40 minutes
of exercise. The regression line and standard error of estimate
indicated represent the votes by subjects RD, OZ and PM.
Relation between temperature sense and the ambient air temperature
after 30-40 minutes of exercise. The regression line is drawn for
all subjects.
Fig. 4 Relation between temperature sense and the average skin temperature
after 30-40 minutes of exercise. 	 The regression line is drawn for all
subjects.
Fig. 5 Transient measurements of muscle temperature (T ), rectal temperature (T ),
skin temperature (T ), 	 discomfort and temperature sense for the 	 r
indicated levels of sambient air and % max. V02 .	 Fig. 5a is the most
stressful; Fig. 5e is the least stressful.
Fig.	 6... For conditions classified as "comfortable", the 'relation between skin
sweating and metabolic rate is indicated for three levels.of ambient
air temperature.	 The probable % wetted area of the skin surface is
indicated on the right hand scale.	 An average "resting" value is
indicated.
Fig. 7 For conditions rated as "comfortable", the relation between skin
temperature and air temperature is indicated. 	 The points are coded
for the two lower levels of exercise.	 An average "resting" value
Is indicated.
Fig. 8 A "comfortable" zone is defined in terms of metabolic rate and
ambient air temperature.	 The starred points represent observations
by McNall et als (1967) for clothed subjects, adjusted (see text)
to make them comparable with the present unclothed data.
	
Without
subject BS's observations the zone would be narrower. 	 The relative
humidity is low.
Fig. 9 A "comfortable" zone defined in terms of % Max. VO
	 and the
ambient air temperature. 	 The "comfortable" data are plotted as
closed circles; all other points classified as "uncomfortable"
are plotted as open circles.
	 For the solid points with a tail,
a vote of "comfortable" was given but with a temperature sense
1 outside the range "slightly warm or cold".
	
The relative humidity
is low.
Mathematical Model of Thermorregulation
Based on the experiments reported on above and on experiments
already carried out during the extension period, our mathematical model
was completely overhauled. A completely new and more detailed passive
system was developed while the regulator portion was made more universal
and also considerably more detailed.
It is hoped that with this version we have arrived at a more or less
stable compromise between simplification and detailed description while
the model will still accept almost any present concept of thermoregulation
for quantitative evaluation. From the point of view of the experimental
physiologist, it also has the advantage that it does not require any
modification other than in the .constants to model almost any animal
system.
The final shape and the constants of the regulator section will
have to await analysis and interpretation of the t ransient data which
were accumulated in the summer of 1968, and will be presented in the
final report for the extension period.
Introduction
As we progress in the study of body temperature regulation,. it is
evident that the complexity of the system is such that it becomes increasingly
difficult to rely on our intuitive approach to the design of optimal experiments
or to the interpretation of experimental results.
Of course, thermoregulation has this characteristic in common with
most physiological control systems. -At the same time, however, it has the
distinction that parts of the overall system obey simple laws which are
relatively easy to evaluate in quantitative form. Since temperature, heat
capacitance and heat conductance are not very different for many tissues
and organs, we can construct a mathematical model of heat production, heat
transport and heat loss in the body, and such a model can still be accurate
even if it is considerably simplified. This is probably an important reason
why it is relatively easy and profitable to formulate quantitative models
of the thermoregulatory control system. Such models have been presented
(22)	 (21)	 (16)
by Wyndham, et al., 1960, Wissler, F. H., 1963, Smith and Tames, 1964,
(18)	 (7)
Stolwijk and Hardy, 1966, Crosbie, et al., 1963,and others.
Although the formulation and development of a mathematical model of
thermoregulation is an educating experience, the most important contributions
such a model can make are in the areas of evaluation and interpretation of
experimental results and in the suggestion of suitable experiments to challenge
expressed concepts. Of necessity, this results in continuous interaction
-2-
between experiment and theory, and in continuous change and gradual im-
provement of the predictive capabilities of the model.
It is one of the objectives of this paper to contribute to yet another
potential benefit of mathematical models of thermoregulation. It is impressive
to observe how effectively a model can communicate the exact concept of
thermoregulation and all of its quantitative implications as held by one
investigator, to another or to those whose interests are in the applied area.
Exchange of computer programs . containing such models is a more disciplined
form of communication than is usually possible in the form of a conventional
paper.
Outline of development of the model
The simplest division possible of the thermoregulatory system is
presented in Figure 1 which shows a controlling system and a controlled
system. They are connected by signal paths which transmit essentially
no power and are shown as thin lines; and by pathways denoting power
transfer, shown as heavy lines.
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Fig. 1. Simplified block diagram of human thermoregulation
It is possible to devise a sequence of diagrams presenting increasing
detail at a cost of increasing complexity. The complexity can be reduced
materially if the controlling and the controlled system are presented separately.
The reason for this is obvious: - the signal pathways are numerous, as are the
effector pathways, and they would be crossing each other at so many locations
that the purpose of a schematic diagram, which is simplification, would be
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defeated. Thus it is difficult to schematically represent the multiple loop
characteristic of the overall system.
The controlled system contains the physical and many of the physio-
logical characteristics of the body. In our experience, it has been necessary
to improve the definition of the description of the controlled system from
time to time, but-it is hoped that the detail provided in the present description
will be adequate for most purposes.
The temperature in any part of the controlled system is available as
an input into the controlling system, and any effector output from the con-
trolling system can be applied to any part of the controlled system. Similarly,
the environment can interact with all the appropriate parts of the controlled
system.
In the controlled system, the body is divided into six segments, each
with four layers. In addition, a central blood compartment links the six
segments together via the appropriate blood flows to each of the. segments.
The segments represent separately the head, the trunk, the arms, the hands,
the legs and the feet. Each layer is described in terms of heat capacitance,
heat production, heat exchange and heat loss.
The controlling system receives from all layers in each segment the
instantaneous temperature, as well as the rate of change of temperature. Any
combination of receptor outputs so derived can be integrated in a variety of
ways, and translated into effector command signals. These signals are
distributed to the appropriate layers in each segment. where they may be
subject to local modulation. The resulting effector actions are applied to
the nnntrnllaA cvetpm
5As proposed for models of the respiratory control systems by Yamamoto
(23)
and Raub, 1967, symbol tables and equations will be given in a FORTRAN
notation. It is hoped that the symbols will be found acceptable for use by
others. The model proposed here should be adaptable to almost any
homoiotherm, without requiring much more than a change in the values
of the constants in the controlled and the controlling system.
The controlled system
The controlled system. developed here is based on a "standard" man
with a body weight of 74.1 kg and a surface area of 1.89 m 2 . The sources from
which most of the data were drawn are the same as used in an earlier version
(18)
(Stolwijk and Hardy, 1966), but since the definition of the present model is
considerably greater, all supporting data had to be re-evaluated.
41%
	
	
Figure 2 presents a schematic diagram for one segment, in this case
the head. Each compartment represents a lumped heat capacitance with its
own metabolic heat production, heat exchange by conduction to adjacent
layers, evaporative heat loss, and convective heat transfer via the blood.
Mo ^ EvR
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Mo AM
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Fig. 2. Block diagram of the controlled system for
one segment: the head
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measuring circumferences and lengths of the various segments. The volumes
rI	
of the hands and feet were measured directly by displacement. In all cases,
the total measured volume under the assumption of a density of 1.0 was
within 8% of the measured total weight.
It is possible to estimate the surface area and weight of each
segment for a subject with normal build, using the data in Table 2 and the
(9)
equation proposed by DuBois and DuBois, 1915
S = 71.84 W0.425 H0.725
In which S = surface area in cm 2 , W = weight in kg, and H = height in cm.
(20)
According to Wilmer, 1940, the tissue distribution in the adult
human body is: skin and fat 25%; viscera 11%; nervous tissue 3%; muscle 43%;
(15)
and skeleton 18%. Scammon, 1953, gives average weights of different body
parts and structures which formed the basis for the distribution given in
Table 3. If we make the assumption that the specific heat of fat containing
tissue is 0.6 gcal. g-l . °C-1 , that of the skeleton 0.5 gcal. g-l . °C-1
and that all other tissues have a specific heat of 0.9 gcal, g -l . °C-1 , the
heat capacitance for the 4 compartments in each of the six segments can
be calculated (C (N) in Table 5) .
(1)
Aschoff and Wever, 1958, estimate that in the resting man 16% of the
total basal metabolic rate occurs in the brain and 56% in the trunk core.
They assign a total of 18% to the skin and musculature, which leaves a
remainder of 10% for the skeleton and connective tissue. They find the
;r	 k
i
r
T
r
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resting metabolic rate of the skin at 0.3 Kcal. kg -1 . h-1; for skeletal
muscle this figure is 0.48 Kcal. k -1 	 -1^..;'	 	 g	 h
If we assume a basal metabolic rate of 70 Kcal. h-1 , a basal heat
production can then, based on the above, be assigned to each compartment
in each segment (QB (N) in Table 5) .
Basal evaporative heat loss rate is about 18 Kcal. h -1 (Stolwijk and
(17)
Hardy, 1966) . Of this, 4.5 Kcal. h 1 is assigned to trunk core and head
core each, to account for evaporative heat loss from the respiratory tract.
The remaining 9 Kcal. h 1 is assigned to the various skin areas representing
vaporization from the skin. The resulting values are shown under EB (N)
in Table 5. The same Table also shows under BFB (N) the estimate for basal
blood flow to the various compartments in all six segments. The values for
blood flow to trunk core and head core were based on the considerations
(18)
listed by Stolwijk and Hardy, 1966. The resting muscle blood flow and the
flow to other relatively inactive areas was based on the minimum blood flow
required to supply the oxygen requirements for the metabolic rate listed for
each area. The skin receives blood flow far in excess of metabolic require-
ments, at least in the basal state especially in the hands and feet, which
possess special circulatory structures. Under all the assumptions above, the
total cardiac output adds up to 5.2 liters per minute which seems to support
the aggregate of assumptions made.
r.
Heat conductances between layers within one segment (TC (N) ) were
(18)
calculated in the manner indicated by Stolwiik and Hardy. 1966. Intermediate
steps are shown in Table 4. Lengths of the segments were measured where
feasible as in trunk, arms and legs;- - the head is considered a •sphere, and
for the hands and feet an equivalent cylindrical length and radius were
calculated from volume and surface area measurements. TC (N) represents
the estimated thermal conductance in Kcal. h-1 . °C-1 between layer N and
layer N+ 1.
Since the segments have different dimensional characteristics, each
has a different value for the overall environmental heat transfer coefficient
H (1). Based on the dimensions adopted above, and on estimates of effective
radiant surface areas, the combined environmental heat transfer coefficients
can be estimated, using conventional methods of heat transfer calculations.
The values given in Table 6 are approximations which are within ± 5% for
an ambient temperatuf, ,e range of 10 - 40° C and for air velocities up to 10 m. sec-1.
The combined coefficients are higher than those found experimentally (Stolwi k
(17)	 " (11)
a .d Hardy, 1966,	 Hardy and Stolwijk ,1966 ) but it should be pointed out
that the experimental values were obtained with subjects wearing shorts, and
seated in a chair. Both these deviations from the nude standinc man tend to
reduce the values of both the radiant and convective heat transfer coefficients.
Also, especially during cold exposure, subjects will tend to change
their configuration and attitude, and thus achieve a very considerable reduction
rl	 /•
.^ C
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In combined heat transfer coefficient, unless they make a conscious and
continued effort to refrain from such postural changes.
Based on the values in Table 6, the combined environmental heat
transfer coefficient for any experimental situation can be calculated:
H(I) _ (HR(I) + 3.16*HC(I)*V**0.5)''S(I)
The controllinctsystem
The objective of this section is to formulate a controller concept which
is as flexible as possible so that the number of constraints in the expression of
particular regulator concepts is minimal. At the same time, it should be possible
to add to the formulation without having to make extensive changes in other parts
of the model.
In order to accomplish this, the controller is divided into three parts;
SIS	 the first part represents the thermoreceptors. The second part integrates the
afferent signals and determines the nature and magnitude of efferent commands.
The third part represents the effector mechanisms; the effector commands are
distributed and the different effector activities are translated into changes in
metabolic heat production, evaporative heat loss rate and blood flow for each
compartment.
A listing of symbols used in the description of the controlling system
Is given in Table %.
In the first part of the controlling system, the thermoreceptor output is
r'etermined. The expression used is:
ERROR(N) = T(N) - TSET(N) + RATE(N)*F(N)
-11-
which in words states that the thermoreceptor output from compartment
t N is equal to the difference between the instantaneous temperature T(N)
and the " set point" temperature to which is added the product of the
dynamic sensitivity factor of the receptors in compartment N (RATE (N))
and the rate of temperature change F N).
	
In this expression T(N) and F N)
	 g	 (	 p	 (
are calculated continuously, and TSET(N) and RATE(N) are constants supplied =.
V
with the initial conditions. 	 As an example, since there seems to be no
dynamic sensitivity in the hypothalamic thermorece torsYn	 Y	 Yp	 Cabanac	 et alp	 (
(6)
1958) :	 RATE(1), which expresses the dynamic sensitivity of the re-
ceptors in the head core, should be set at zero.
For each compartment, the value of ERROR(N) is tested for its sign.,
If if has a positive value, we assume that it represents a warm receptor
{. output; if negative, it indicates an output fi°om cold receptors. 	 If ERROR(N)
I: u .,sitive, its value is entered under WARM(N); if it is negative, its
absolute value is entered under COLD(N). The resulting lists of WARM(N)
and COLD(N) represent all possible afferent thermal information potentially
available to the controlling system. 	 We will limit discussion for the present
to assumed thermal receptors in the head core and in the skin.
The total warm receptor output from the skin WARMS can be obtained
by summing SKINR(I) *WARM (4*I) for the skin compartments of all six segments
I.	 The total cold receptor output from the skin can be integrated from a
rj
similar summation.
k^^ y
If it is desired to take other possible thermoreceptors into account,
they can also be ,integrated by similar processes.'
The next step is to determine the type and magnitude of effector
command signals which will go out to the periphery. The types of effector
commands considered here are SWEAT, DILAT, STRIC and CHILL, for sweating,
vasodilatation, vasoconstriction and shivering respectively. -As a first
approximation, two possible types of integration of afferent signals are being
considered here: integration by linear addition of central and peripheral
receptors which expresses the concept of the adjustable set-point (Hammel,
(10)
Pt al., 1963), and integration by multiplication of central and peripheral
receptor outputs which expresses the gain control concept (Hardy and
(11)	 (18)
Stolwi k,1966, _Stolwijk and Hardy, 1966). The expression calculating
efferent sweating commands then becomes;
SWEAT = CSW*WARM(1) + SSW*WARMS + PSW*WARM(1)*WARMS
In which WARMS and WARM(l) are thermoreceptor outputs continuously
generated by the model, and in which CSW, SSW and PSW are supplied
as controller constants. If CSW and SSW are set to zero, and PSW has a
distinct value, the controller has gain control characteristics as outlined
(11)
In Hardy and Stolwik, 1966; . if, on the other hand, PSW is zero and
CSW and SSW have non-zero values, the controller has adjustable set-
(10)
point characteristics as outlined in (Hammel,et al., 1963). The expressions
for determination of DILAT, STRIC and CHILL are similar:
DILAT = CDIL*WARM(1) + SDIL*WARMS + PDIL*WARM (1) *WARMS
STRIC = CCON*COLD(1) + SCON*COLDS + PCON* COLD (1) *COLDS
CHILL = CCHLL*COLD(1) + SCHIL*COLDS + PCHIL* COLD (1) *COLDS
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The next step consists of the estimation of effector actions in the
`"	 various compartments in each segment. The effector actions are BF(N), Q(N)
and E(N), and the process of estimating the appropriate values is most
conveniently done by segment, each segment consisting of four distinct layers. .
If N is the subscript referring to the core of a segment, N + 1 refers to the muscle:
it layer; N + 2 to the subcutaneous fat, and N + 3 to the skin layer. The metabolic
heat production in each layer can then be expressed as;
Q(N) = QB{N)
Q(N + 1) = QB(N + 1) + MWORK(I)*WORK + MCHIL(I)*CHILL
Q(N + 2) = QB (N + 2)
Q (N + 3) = QB (N + 3)
The first expression states that metabolic heat production in the core
of each gylinder always remains at the basal level; this is not strictly true
for the trunk where especially the heat produced by the heart is variable, but
the thermal error introduced by inserting this heat into working skeletal muscle
instead of into the trunk core is quite small. The heat production in the brain
(18)
is quite constant ( Stolwijk and Hardy, 1966), and in the extremities the heat
production in the core is low under all circumstances. Heat produced in the
musculature consists of the basal production plus the fraction of work
assigned to the segment plus the fraction of total shivering assigned to the
segment.. Both of these fractions are introduced with the initial conditions.
The blood flow to the core of each segment is considered a .constant
and equal to the basal blood flow-
Br(N) = BFB (N) .
f
giY
4In first approximation, we can consider muscle blood flow to consist
of the 'nasal blood flow, to hich we can add 11. h -1  for each Kcal. h 1 of
heat production due to worl or shivering by the muscular compartment in
question. Thus:
BF(N + 1) = BFB(N + 1) + Q(N + 1) - QB(N + 1).
Blood flow in the subcutaneous fat has a low basal level, and in first
approximation it is not considered to vary as a result of thermoregulatory
responses:
BF(N + 2) = BFB(N + 2) .
Skin blood flow is highly dependent on the thermoregulatory controller. The
basal blood flow at thermal neutrality can be diminished by vasoconstriction
or increased by vasodilatation. These adjustments are accomplished by
changes in the peripheral resistance. The sensitivity of different skin areas
is sufficiently different to require special terms as shown in the expression:
BF(N) = (BFB(N) + SKIN V(I)*DILAT)/(1. + SKIN C(I)*STRIC) .
SKINV(I) and SKINC(I) represent the relative responsivity of the skin of
different segments and are supplied with the controller constants. The con-
troller can add to the basal skin blood flow, or the basal blood flow can be
reduced by dividing it by a number determined by the controller. This ex-
pression allows for special skin regions such as on the 'hands and feet which
are highly responsive to both vasodilatation and vasoconstriction and other
less responsive regions such as the trunk skin with a response largely limited
to vasodilatation.
I	 -15-
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	 Evaporative heat loss occurs from the trunk core and head core and
from each of the skin areas. Evaporation from the trunk core and head core
is via respiration, and although it depends to some extent on the vapor
pressure in the inspired air it is here considered a constant at rest; and
during exercise when a higher respiratory minute volume occurs an average
value of respiratory water vapor loss is about 8% of the increased metabolic
heat production in total. Half of this, or 4%, is assumed to be lost from the
head core and half from the trunk core. Evaporation from the muscle or sub-
cutaneous fat layers does not occur.
Different skin areas respond differently to sweating stimulation,
and in order to allow for this the efferent command is multiplied with a factor
SKINS(I) for each segment. According to Bullard and his co-workers 1967
the local temperature of the skin has a modifying influence on the local sweat
secretion in response to a given level of efferent commands. The following
expression, in first approximation, incorporates the above requirements:
E(N + 3) = EB(N + 3) + SKINS(I)*SWEAT*2**(T(N + 3) - TSET(N + 3) )/3.
The term SKINS(I)*SWEAT includes the responsiveness of the skin area of
segment I and the efferent sweating command signal. This term is then
multiplied with another term 2 ** (T (N + 3) - TSET (N + 3) ) . If the local skin
temperature is at the undisturbed thermally neutral level, the latter term
becomes equal to 1. For every three degrees rise in local skin temperature,
the value of this term doubles; and for every three degrees fall in local skin
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temperature, the local sweat secretion is reduced to half. This is, of course,
only an approximation of the findings of Bullard, et al., but over normal
physiological ranges the deviation from their curves is not very great.
Unless 'special precautions are taken, E(4*I) the rate of evaporative
heat loss from the skin of segment I could assume values dictated by the
controller which are physically impossible due to high ambient water vapor
pressure. This canbe checked by determining the maximum rate of evapora-
tive heat loss possible from segment I. The following expression will
compute EMAX:
EMAX(I) = (PSKIN 1 PAIR) *2.14*(H(I) 1 HR(I)*S(I) ).
PSKIN and PAIR are the water vapor pressures at the skin surface and in the
environment in mm Hg; 2.14*(H(I) - HR(I)*S(I)) is the product of a surface
(4)
v	 area and a coefficient for evaporative power as found by Brebner, et al., 1958.
If E(4*I) in any skin area exceeds EMAX(I), then it must be reduced to EMAX(I).
It should perhaps be pointed out that the ratio E(4*I)/EMAX(I) for each
segment gives the fractional wetted area.
There is a very small amount of direct information_ concerning the values
of SKINR, SKINS, SKINV, SKINC, WORKM, and CHILM. The simplest approach
would be to insert values which are proportional to the surface areas or the
weights of the different tissues. These weights and proportions are shown in
Table 8 for skin and muscle layers. There is reason, although with some
hesitation, to adopt the relative sensitivities and numbers of skin receptors
(1)
proposed by Aschoff and Wever, 1958. The factual basis for these values is
(2)
somewhat obscure. Bader and Macht, 1948, show a relatively higher sensitivity
in head and chest than in the extremities, but there is reason to suspect that
- 17 -
In their case the heat applied to the skin was sensed by deeper thermoreceptors
after having warmed the blood.
There is little doubt that the trunk skin plays a more than proportionate
role in skin thermoception as evidenced by the difference in response to a
uniform skin temperature and to an identical average skin temperature with
divergent local temperatures. The tentative values for SKINR(I) shown in
Table 8 have been obtained by multiplying the number of cold points for
(1)
various segments given by Aschoff and Wever. 1958, with the corresponding
surface areas and assigning to each area the appropriate fraction of the
total sum of these products.
(12)
ertzman and Randall, 1948, surveyed the skin with respect to local
blood flow. Although their measurements were photoelectric and consequently
hard to quantitate, the relative proportions can probably be accepted. After
rearrangement, the following fractions of the total blood flow are obtained for
the basal and maximally dilated state respectively. head 0.288 and 0.132,
trunk 0.265 and 0.322, arms 0.078 and 0.095, hands 0.10 and 0.122,
legs 0.186 and 0.23,: and feet 0.083 and 0.10.
The fractions for the maximally dilated state are taken as the distribu-
tion of vasodilatation over the skin, SKINV(I), in Table 8. Vasoconstriction
is also not uniform over the skin area. In addition, the affects of countercurrent
heat exchange will tend to exaggerate the affects of vasoconstriction in the
distal extremities. On the other hand, countercurrent heat exchange is not
so pronounced in the skin of the head and the trunk. Based on this, the
assignments of SKINC(I) are made as shown in Table 8.
Al-
The relative distribution of sweat secretion, in the absence of
information based on local secretion measurements, is perhaps best
(14)
approximated by the distribution of sweat glands. Randall, 1946, made
such observations and the different skin areas were weighted as to the
number of sweat glands, and the fractional distribution is given as SKINS(I)
In Table 8. In addition, some weight was given to provisional results
(19)
from thermograms presented by Stolwiik. et
 al., 1968. In the absence of
direct data, it was assumed that shivering affects all voluntary muscles
equally (CHILM (I) ), and the distribution of work among voluntary muscles
(WORKM(I)) was based on subjective estimates for exercise on a bicycle
ergometer.
Y
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Description of the complete FORTRAN program for simulation of thermoreaulation
in man.
The program presented in this section is based on the considerations,
Justifications and estimates of the preceding sections. There has been no
attempt to construct the most efficient program possible, but the emphasis
has been on versatility and readability. The basic program has been seg-
mented into a number of sequential sections, each with a clearly recognizable
function. A flow diagram based on these segments and showing their headings
is given in Fig. 3.
The initial phase of the program reads in the constants for the
controlled system.
C	 READ CONSTANTS FOR CONTROLLED SYSTEM
100	 FORMAT (14F5.2)
101	 CONTINUE
READ(2,100)C
READ(2,100)QB
READ(2,100)EB
READ(2,100)BFB
READ(2,100)TC
READ(2,100)S
READ(2,100)HR
READ(2,100)HC
READ(2,100)P
i
r =.	 ^
READ CONSTANTS	 READ
	
READ
	
READ
CONTROLLED	 CONTROLLER
	
INITIAL
	
EXPERIMENTAL
SYSTEM
	 CONSTANTS
	
CONDITIONS
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OUTPUT
PREPARE
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OUTPUT
	
OUTPUT
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DETERMINE
	 CALCULATE
INTEGRATION
	 HEAT FLOWS
STEP
INTEGRATE
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EFFERENT
OUTFLOW
ASSIGN
EFFECTOR
OUTPUT
Fig.. 3. Flow diagram for simulation of thermoregulation
'in man
CP
For each of the layers in each segment this section reads the heat capacitance,
the basal metabolic rate, the basal blood flow rate, the thermal conductance
to the next outward' layer, the surface area, the coefficients for radiant heat
transfer and for convective heat transfer. P(10) is a table of saturated water
vapor pressure in mm Hg between 5 and 50°C, which is needed for calculation
of evaporative capacity.
The next segment reads in the constants for the controlling system.
C READ CONS?
READ(2,100)
READ(2,100)
READ(2,100)
.READ(2,100)
READ(2,100)
READ(2,100)
READ(2,100)
READ(2,100)
READ(2,100)
'ANTS FOR THE CONTROLLER
TSET
RATE
CSW, SSW, PSW, CDIL, SDIL, PDIL, COON,
SCON, PCON, SCHIL, PCHIL
SKINR
SKINS
SKINV
SKINC
WORKM
CHILM
The first two sets constants TSET and RATE describe characteristics for thermo-
receptors in every compartment. Values of TSET used are those tissue tempera-
tures achieved in a simulation of a resting man in a neutral environment without
any thermoregulation.
:f ,	 -
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The next set of values read in are the controller coefficients,
followed by distribution of skin receptors, and the distributions of sweating,
vasodilatation and vasoconstriction over the six skin areas. The last two
sets of constants describe the distribution of heat production over the different
muscle masses during work and during shivering. Although the value for CHILM
can probably be made equal to the weight distribution, the values for WORKM
obviously will change with different types of exercise.
The initial conditions are obtained in the next segment.
C	 READ INITIAL CONDITIONS
READ (2,100)T
TIME=O
ITIME=O
DO 102 N=1, 25
F(N)=0
102	 CONTINUE
The initial condition temperaturesfor all 25 compartments are read in
first; usually these will be the temperatures reached at rest in a neutral en-
vironment, i.e. the same temperatures as TSET, but if desired it is possible to
start with any other combination of tissue temperatures. This segment sets the
clocks to zero and since the rates of temperature change F(N) have not yet been
defined they are also set to zero.
-22-
The independent experimental variables are read in the next section.
C	 READ EXPERIMENTAL CONDITIONS
103	 CONTINUE
READ(2,100) TAIR
i
READ(2,100) V
READ (2,100) RH
READ(2,100) WORK
IF(WORK-70) 104,104,.105
104	 WORK= 0
GO TO 106
105
	
WORK=WORK-69.754
106
	 CONTINUE
READ(2, 200) INT
200	 FORMAT(I2)
DO 202 I= 1, 6
H(I)=(HR(I) + 3.16*HC(I)*V**O.S)*S(I)
202	 CONTINUE
I=TAIR/5
PAIR= RH* (P (I)+ (P (I+ 1) -P (I)) * (TAIR-S * I))
The environmental temperature, the air velocity V in m. sec 	 the
relative humidity are read in, followed by the total heat production during work.
After the output interval is read irl the total environmental heat transfer coefficient
Is calculated for each segment, as well as the water vapor pressure in the en-
{	
vironment.
In the next segment the thermoreceptor output in all compartments
Is calculated, based on local temperatures T, reference temperatures TSET,
dynamic sensitivity coefficients RATE, and the rate of temperature change F.
C	 ESTABLISH THERMORECEPTOR OUTPUT
301	 CONTINUE
DO 302 N=1,25
WARM(N)=0.
COLD(N)=O.
ERROR(N) =T (N) -T SET (N)+RATE (N) * F (N)
IF(ERROR(N)) 303, 302, 304
303	 COLD (N) = -ERROR(N)
GO TO 302
304	 WARM(N)=ERROR(N)
302	 CONTINUE
If the output obtained from a compartment is positive it is con-
sidered a warm receptor output and the value of ERROR is placed in a list of
warm receptor outputs: WARM. If the output is negative, the negative
value of ERROR is placed in a list of cold receptor outputs: COLD.
The following section integrates the peripheral afferent from
the skin.
C	 INTEGRATE PERIPHERAL AFFERENTS
WARM S= 0
COLDS= 0
DO 305 I=1, 6
K=4 *I
24 -
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	 WARM S= WARM S+ WARM (K) * SKINR (I)
COLDS= COLD S+COLD(K)*SKINR(I)
305 CONTINUE
Both the warm receptor outputs and the cold receptor outputs
from each skin area are multiplied with SKINR, the relative number of
receptors for each skin segment, and then summed together. Since ore skin
area may be warm and another cold, it is possible to have an integrated skin
t
	 signal for warmth simultaneous with one for cold.
The next segment integrates the peripheral and central thermo-
4
receptor output and creates a resultant efferent command. The efferents
control the effectr mechanisms sweating, vasodilatation, vasoconstriction
and shivering. The relative weights of peripheral and central receptors, and
the mode of their integration is determined by the values of the control
coefficients.
l:	 DETERMINE EFFERENT OUTFLOW
SWEAT=CSW*WARM(1)+SSW*WARMS+PSW*WARM (1) *WARMS
DILAT=CDIL*WARM(1)+SDIL*WARMS+PDIL*WARM (1) *WARMS
.STRIC = CCON* COLD (1)+SOON*COLDS+PCON* COLD (1) *COLDS
CHILL= CCHLL*COLD(')+SCHIL*COLDS+PCHIL*COLD(1)*COLDS
For the above expressions those terms in which the coefficients start
with C and S ("central" and "skin") would correspond to an adjustable set point
as formulated by Hammel et al (1963) and the terms with a coefficient starting with
P ("product") represent the non-linear integration suggested by Hardy and Stolwijk
(1966). It would be easy to add even more control coefficients and more receptor
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sites, if evidence for such should develop.
The next section receives efferent outflow from the preceding one
and distributes effector actions over the various layers and segments.
C	 ASSIGN EFFECTOR OUTPUT
400 CONTINUE
DO 401 I=1, 6
N=4*I-3
BF(N)=BFB(N)
Q (N) = QB (N)
E(N)=EB(N)
Q (N+1) = QB (N+1)+WORKM (I) * WORK+CHILM (I) * CHILL
E(N+1)=0
BF (N+l) =BFB (N+1)+ Q (N+1) -QB (N+1)
Q (N+ 2) = QB (N+ 2)
E(N+2)=C
BF(N+2)=BFB(N+2)
Q (N+ 3) = QB (N+ 3)
E(N+3)=EB(N+3)+ SKI NS(I)*SWEAT*2.**((T(N+3)-T SET (N+3)/3.)
BF(N+3)= (BFB(N+3)+ SKI NV(I)*DILAT)/(1.+ SKIN C (I) *STRIC)
K=T(N+3)/5.
P SKIN =P (K)+ (P (K+1) -P (K)) * (T (N+3) - 5*K)
EMAX(I) _ (P SKIN-PAIR) * 2.14 * (H (I) -HR(I) * S(I) )
IF (EMAX(I)-E(Na-3)) 402, 403, 403
i	 -
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402	 E(N+3)=EMAX(I)
403 CONTINUE
401	 CONTINUE
E(1)=E(1)+O. 04 *WORK
E(S)=E(S)+0.04*WORK
Assignment of effector outputs is accomplished sequentially by
segment. It is assumed that for all the core layers (N) the metabolic rate,
the blood flow and evaporative heat loss remain at basal levels. The next
outward layer (N+1) for all segments consists of skeletal muscle. Evapora-
tive heat loss is always zero. Metabolic rate depends on work rate and
shivering, and the blood flow to th3 muscle is considered to depend on its
metabolic rate. Subcutaneous fat (N+2) is considered to retain basal values
for metabolic rate and blood flow. The skin (N+3) retains its basal metabolic
rate but both evaporative heat loss and blood flow are under the influence
of the thermoregulatory controller. Total evaporative heat loss is the
product of the efferent sweat command and SKINS and a term which depends
on the local skin temperature. This section also checks whether the cal-
culated evaporative heat loss rate does not exceed the maximum evaporative
power into the experimental environment.
The following segment calculates the net heat flow rate to or
from each compartment. This is accomplished again by sequentially r-.'-
culating the heat flow for each layer by segment.
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C	 CALCULATE HEAT FLOWS
DO 500 K=1, 24
BC(K)=BF(K)*(T(K)-T(25))
TD(K) =TC (K) * (T (K-T (K+1) )
S00	 CONTINUE
DO 5011 =1,6
K=4*I-3
HF (K) =Q (K) -E (K) -BC (K)-TD (K)
HF(K+1) = Q (K+1) -B C (K+1)+TD (K) -TD (K+1)
HF (K+2) =Q (K+2) -B C (K+2)+T D (K+1) -TD (K+2)
HF(K+3)=Q(K+3)-BC(K+3)-E(K+3)+TD(K+2)-H(I) *(T(K+3)-TAIR)
501	 CONTINUE
HF(25)=0
DO 502 K=1, 24
HF(2 5)=HF(25)+BC (K)
502	 CONTINUE
Since the temperature difference between adjacent layers, and the
temperature difference between each layer and the blood compartment are
both used more than once, they are first obtained separately.
Net heat flow to or from the blood compartment is obtained by summing
all the heat exchange rates between-blood and all other compartments.. All
heat flow rates are in Kcal. h-l . If these rates are multiplied with a time
interval, and divided by the heat capacitance, we obtain the temperature change
- Zti -
during that time interval.
If the integration step is chosen too small the program will require
a needlessly long computation time, if the integration step is chosen too large
the computational errors become large and the solution may become meaningless.
In order to optimize the integration process, the following segment determines
the most desirable integration step.
C	 DETERMINE OPTIMUM INTEGRATION STEP
DT=0.016666667
DO 600 K=1, 25
F(K) = HF (K)/C(K)
U=AB S(F (K) )
IF(U*DT-0.1) 600, 600, 601
J	 601	 DT=0.1/U
600 CONTINUE
Initially the integration step is set at 1 minute, so that output can
always be obtained at least once a minute, Using this initial interval, this
segment calculates rate of temperature change for each compartment. If in any
compartment the temperature step per integration interval is found to be larger
than 0.1°C, the interval is reduced accordingly. As a result, no compartment
can eve change more than 0.1°C per iteration.
l
1	 In the next segment new temperatures are calculated for all compart-
ments, and the clock is advance by an amount equal to the integration step.
C	 CALCULATE NEW TEMPERATURES
DO 700 K=1.25
R
T (K) =T (K)+F (K) * DT
700	 CONTINUE
TIME=TIME+DT
LTIME=60.*TIME
IF(LTIME-INT-ITIME) 301, 701, 701
701	 CONTINUE
Also the clock is checked to see whether output is required or
whether a new iteration should be started by returning to the thermoreceptor
segment of the program.
ar If a time interval equal to INT minutes has elapsed since the last
tj
output phase, a next program segment prepares the values to be put out.
C	 PREPARE FOR OUTPUT
ITIME=ITIME+INT
CO=O.
i HP=O.
EV=O.
TS=O.
TB=O.
i
Ii HFLOW= 0 .
I
SBF=O.
DO 800 N=1, 25
CO=CO+BF(N)/60 .
HP=HP+Q(N)
EV=EV+E (N)
800	 CONTINUE
DO 802 I =1, 6
SBF=SBF+BF(4*I )/60.
TS=TS+T 4*I	 3.386
802	 CONTINUE
DO 801 N=1, 25
TB=TB+T (N) *C (N)/59.56
HFLOW=HFLOW+HF(N)
Although a large number of variables are already available for output,
a few others are not present in the form in which they are usually reported. 	 This
segment calculates cardiac output required by the model, the total evaporative
heat loss, the total heat production, the average skin temperature, and the true
mean body temperature.
{	 i
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TABLE 1
List of symbols used in the controlled system with definition and dimensions
Symbol Vector Length Definition
C (N) 25 Heat capacitance of compartment N
T (N) 25 Temperature of N
F (N) 25 Rate of change of temperature in N
HF (N) 25 Rate of heat flow into or from N
TC (N) 24 Thermal conductance between N
and N+l
TD (N) 24 Conductive heat transfer between N
and N+1
QB (N) 24 Basal metabolic heat production in N
Q (N) 24 Total metabolic heat production in N
E 
	
(N) 24 Basal evaporative heat loss from N
E (N) 24 Total evaporative heat loss from N
BF 	 (N) 24 Basal effective blood flow to N
BF (N) 24 Total effective blood flow to N
BC (N) 24 Convective heat transfer between
central blood and N
HC (I) 6 Convective and conductive heat
transfer coefficient for
Segment I
S (I) 6 Surface area of Segment I
HR (I) 6 Radiant heat transfer coeff. for
Segment I
H (I) 6 Total environmental heat transfer
coeff. for Segment I
V Air velocity
TAIR Effective environmental temperature
RH Relative humidity in environment
TIME Elapsed time
PAIR Vapor pressure in environment
ITIME Elapsed time
INT Interval between outputs
DT Integration step
P (I) 10 Vapor pressure table from 5 - 50°C
EMAX (I) 6 Cal. max. rate of evaporative heat
loss from Segment I
WORK Total metabolic rate required by Exerci:
PSKIN I Sat ratedater vapor pressure at skin
empera ure
Dimensions
Kcal . 11C-1
oC
°C.h-1
Kcal . h-1
Kcal . h-1 . °C-1
Kcal . h-1
Kcal . h1
Kcal . h-1
Kcal . h-1
Kcal . h-1
1 h-1
1 h 1
Kcal . h-1
Kcal . m-2 . h 1 . °C 1
m
2
Kcal. m-2 . h-1. oC-1
Kcal. h-1 . °C-1
m . sec
-1
oC
h
mm Hg
min
min
h
mm Hg
Kcal . h 1
Kcal . h-1
mm Hg
TABLE 2
Distribution of surface area and volume over the six segments
Segment Surface area m 2 Surface area % Volume % Average,	 % of total
10 men 10 women surface area volumemen	 women men	 I' women
Head 0.1326 0.1129 7.00 6.49 5.34 5.58 6.74 5.46
Trunk 0.6804 0.6279 36.02 36.07 56.70 57.00 36.05 56.85
Arms 0.2536 0.2210 13.41 12.70 7.78 6,52 13.05 7.15
Hands 0.0946 0.0783 5.00 4,50 0.88 0.90 4.75 0.89
Legs 0.5966 0.5904 31.74 33.92 27.90 28.70 32.83 28.30
Feet 0.1.299 0.1100 6.86 6.32 1.43 1.34 6.59 1.38
Total 1.8877 1.7404 100.0 100.0 100.0 100.0 100.0 100.0
TABLE 3
Distribution, by weight, of different tissue types, over the six segments, in % of total
"SKIN" "FAT" "MUSCLE" C	 O	 R E
SKIN TELA SUB::. MUSCLE SKELETON CONN. T1SS VISCERA TOTAL
HEAD 0.36 0.50 1.00 2.14 0.30 3.0 7.30
TRUNK 1.81 9.50 23.59 3130 4.00 11.0 53.20
ARMS 0.65 1.30 4.53 2.02 1.00 -- 9,50
HANDS 0.25 0.20 0.10 0.31 0.04 -- 0.90
LEGS 1.61 3.20 13.68 6.73 2.58 -- 27.80
FT 0.32 0.30 0.10 0.50 0.08 -- 1.30
TOTAL 5.00 15.00 43.00 15.00 8.00 14.00 100.0
Volume Length Radius Interface Cross - AREA Avg.'cond. TC(N)
1 cm3 cm cm radius cm 2section cm A x gcal/cm *C/ Kcal/
I sec ' x 10 °C . h
Het	 core 3440 -- 9.37 9.4 1110 1110 10 4.0'muscle . 4190 -- 10.0 10.2 .1305 3250 6.65
7.8
fat 4565 -- 10.3 13.210.4 1370 5480 6.65
skin 4835 -- 10.5 --
Trunk	 core 11730 60 7091 1.45
muscle 29430 60 12.52 7.91 2960 400 10 5.55
43.2 4950 1850 8.3
fat 36555 60 13.95 15.71'4.0 5250 6550 6.65
skin 37913 60 14.19
Arms	 core 2065 112 2.42 2.42 1690 800 10 2.9
muscle 5465 112 3.94 9.6
4.10 2880 3200 8,3fat 6440 112 4.28 28.8
4.30 3000 12000 6.65
skin 6928 112 4.43
--
Hands  core- 262 96 0.93 4.1
muscle 337 96 1.05 0.93 570 1140 10 9.6
fat 487 96 1.27 1.10 660 4000 6.65 9.6
1.40 840 4000 6.65
skin 674 1	 96 1.49 --
Legs	 core 6680 160 3.64 5.25
3.64 3640 1450 10
muscle 16955 160 5.82 14.10
6.00 6000 4800 8.3
fat 19355 160 6.20 50.5
6.30 6300 21000 6.65
skin 20563 160 6.42 --
Feet,	 core 453 125 1.07 5.05
1.07 845 1400 10
muscle 528 125 1.16 17.2
1.20 930 7150 6.65
fat 753 125 1.38 13.9
1.50 1160 5800 6.65
skin 993 1	 125 1.58 1 A I --
TABLE 5
Assignment for each layer in each segment of weight, heat capacitance, basal
metabolic rate, evaporation and blood flow, as well as thermal conductance.
SEGMENT LAYER I N WEIGHT C QB EB BFB Td
Dimension kg Kcal.-Cl Kcal. h 1 Kcal. h-1 h..h .1 °Kcal. * C 1
h
HEAD Core 1 3.440 3.029 11.2 4.5 48.00 4.0
Muscle 2 0.750 0.675 0.270 --- 0.27 7.8
Fat 3 0.375 0.225 0.125 --- 0.12 13.2
Skin 1 4 0.270 0.243 0.061 0.612 1.44 ---
TRUNK Core 5 11.730 9.465 39.2 4.5 232.0 1.45
Muscle 6 17,700 15.920 6.38 --- 6.4 5.55
Fat .7 7.125 4.280 2.341 --- 2.3 15.7
Skin 2 8 1.358 1.222 0.307 3.27 2.10 ---
ARMS Core 9 2.065 1.260 0.688 --- 0.69 2.9
Muscle 10 3.400 3.060 1.245 --- 1.24 9.6
Fat 11 0.975 0.585 0.325 --- 0.32 28.8
Skin 3 12 0.488 0.440 0.110 1.185 0.50 _	 ---
HANDS Core 13 0.262 0.143 0.087 --- 0.100 4.1
Muscle 14 0.075 0.067 0.027 --- 0.050 9.6
Fat 15 0.150 0.090 0,050 --- 0.050 9.6
' Skin 4 16 0.187 0.168 0.041 0.432 2.00 --
LEGS Core 17 6.680 3.992 2.226 --- 2.2 5.25
Muscle 18 10.275 9.250 3.700 --- 3.7 14.10
Fat 19 2.40` 1.440 0.800 --- 0.8 50.5
Skin 5 20 1.208 1.088 0.270 2.980 2.85 ---
FEET Core 21 0.435 0.241 0.145 --- 0.15 5.05
Muscle 22 0.075 0.067 0.027 --- 0.03 17.2
Fat 23 0.225 0.135 0.075 --- 0.08 13.9
Skin 6 24 0.240 0.225 0.054 0.600 3.00 -
TABLE 6
Calculated combined environmental heat transfer coefficient for a nude man,
standing in an environment where wall and air temperature are the same
_ Radiant heat Convective Combined environmental
transfer heat transfer coeff, heat transfer coefficient
coefficient (v = 0.1 m. sec Kcal . m'2 .h- l . 0 0 -1 , with
Seg.	 Length	 Radius Kcal , m` 2 ., Kcal. m'2 . h" 1 . v = air velocity in m. sec` 1,
ment	 Shape	 cm	 cm h"1 . °C-1 °C-1 and at v = 0.1 m. sec-
`` 
v
Head Sphere	 10 . 5	 5.5	 0.57	 5.5 + 0.57 Wt 	 6.07
t
Trunk Cyl.	 60.0	 14.2	 4.5	 1.6
	 4.5 + 1.6, 0.1	 6.1
	
VW1Arms CYl.	 112.0	 4.4	 4.5	 '34	 4.5+34 	 7.9
^
=0. Hands Cyl.	 96.0	 1 . 5	 3.0	 5.2	 3.0 + 5. ' 2 `t	 1	 8.2
v
Legs Cyl.	 160.0
	 6.4
	 4.5	 3.1	 4.5 +3.1 0.1	 7.6
VYFeet	 Cyl.	 125.0	 1.6	 4.0	 5.1	 4.0 + 5.1 i 0.1	 9.1
NI
f
s
s
1
i
1	 1.
7	 -	
-	
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TABLE 7
Definition of symbols used in the description of the controlling system
TSET (N) "Set point" or threshold temperature for receptors in N °C
tOR (N), Total output signal from receptors in N 0C
RATE (N) Dynamic sensitivity of receptors in N h
COLD (N) Output from cold receptors in N °C
WARM (N) Output from warm receptors in N 0C
COLDS Total integrated output from skin cold receptors °C
WARMS Total integrated output from skin warm receptors °C
SWEAT Total efferent sweating command
CHILL Total efferent shivering command
DILAT Total efferent vasodilatation command
STRIC Total efferent vasoconstriction command
SKINR (I) Relative weight of skin of each segment in determining total skin output
SKINS (I) Fraction of sweating command to segment .I
SKiNV (I) Fraction of vasodilatation command to I
SKINC (I) Fraction of vasoconstriction command to I
ORK (I) Fraction of total exercise occurring in I
HIL (I) Fraction of total shivering command to I
CSW Coefficient for sweating command from head core
SSW Coefficient for sweating command from skin
PSW Coefficient for sweating command from product of head core and skin
CDIL Coefficient for vasodilatation command from head core
SDIL Coefficient for vasodila+ stion command from skin
PDIL Coefficient for vasodilatation command from product of head
core and skin
CCON Coefficient for vasoconstriction command from head core
SCON Coefficient for vasoconstriction command from skin
PCON Coefficient for vasoconstriction command from product of
head core and skin
CCHIL Coefficient for shivering command from head core
SCHIL Coefficient for shivering command from skin
PIL Coefficient for shivering command from product of head core and skin
1	 ...e!Y' •.	 u'.x•z.^-u^m- - -	 .a^ovw-ue..--^^,.n.........y..+ae...y.+........x,wm..r+..^......m..ee_	 -uu..s.s,.^.a^a.•xuaaw^x+u.x.^n• unwcaa x+tz^=a».a.^^-a<r.wa 	- ^.^..e..._....+.+...`+..r+•u.^..«r.wx'.+uuauu.•aw	 m^rYttt _S4a2[S41[t:^.'r^.l -'
fi	 TABLE 8
Tentative estimates of distribution of sensory input, effector
output over the skin and of heat production in muscle during
work and shivering.
Surface
Area
m2
	%
SUNK SHINS SHIN SKINV Muscle
Layer
WORKM
(I)^I
CHILM
k %
Head- 0. 12 83 7.0 0.0827 MR- 0.05 0.132 0.75 2.325 --- 0.0233
T  0.6350 36.02 0.587 0.482 0.15 0.322 17.7 54.80 0.30 0.548
Arms 0.2480 13.41 0.0822 0.154 0.05 0.095 3.4 10.53 0.08 0.1053
Hands -0..0904 5.00 0.2215 0.031 0.35 0.122 0.075 0.233 0.01 0.00233
Legs 0.6240 31.74 0.186 0.219 0.05 0.230 10.275 31.90 0.60 0.3190
Feet 0.253 6.86 0.0399 0.035 0.35 0.10 0.075 0.233 0.01 0.00233
